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ABSTRACT 


This thesis is concerned with two major geotechnical 
aspects of landslides in periglacial regions: the classification 
of mass movements in soil; and a quantitative understanding of the 


mechanics of failure. 


A study of landslides in the Mackenzie River Valley, 
NWI, based on a detailed inspection of aerial photographs and field 
exploration undertaken by boat, fixed-wing and helicopter traverses 
coupled with a drilling programme has given considerable insight 
into the possible range of landslide types. With this foundation, 
and complemented by a geotechnical appreciation of the pertinent 
literature, landslides have been subdivided, in a descriptive 
classification, into the categories of fall, flow and slide- 


dominated movements. 


Periglacial landslides can be considered mechanistically 
in three groups; that is, in thawing, freezing and frozen soils. 
The most impressive and best-documented landslides are associated 
with the onset of thaw and are described as solifluction, skin 
flows and bi-modal flows. Factors affecting the thaw of frozen 
soils have been studied and a mechanistic interpretation of low 
angleslope movements has been gained by coupling thaw-consolidation 
theory with an infinite slope limit equilibrium analysis. The 
study of the behaviour of soils at high void ratios has been 
extended by considering a theory of sedimentation which has been 
modified to account for sedimentation-consolidation and thaw- 
sedimentation. Parametric studies using experimentally-observed 
flow laws in ice and frozen soils emphasize the possibility of 
creep in frozen soils. Other studies on large landslides such as 


block and MR slides confirm that shear failure can occur through 
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frozen soil and conventional stability analyses with suitable 

shear strengths can account for limiting equilibrium conditions, 
Certain aspects of the load-deformation response of frozen soil 
have been reviewed in detail and yield valuable insight into mass 
movement mechanisms. In freezing soils it is possible to create 
instability in saturated coarse-grained soils when pore water is 
expelled from an advancing ice-water interface. Instability results 
from excess pore pressures set up due to the impeded drainage of 
expelled water. This phenomenon is also possible in fine-grained 
soils which expel rather than attract water at higher stress 


levels. 


Some engineering considerations of landslides in the 
Mackenzie River Valley have been presented by synthesizing the 
observations of landslide types and occurrence with the proposed 
mass-movement mechanisms. Special attention has been given to the 


initiating and sustaining mechanisms. 
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CHAPTER I 


THE SINGULAR NATURE 
OF PERIGLACIAL MASS MOVEMENTS 


it Laer oduct Lon 

With the burgeoning pressure of economic need the cold 
regions of the world are now beginning to be exploited in earnest. 
This accelerating rate of development coupled with an increased 
awareness of environmental effects is making new demands on the geo- 
technical profession. In particular, the requirement for a basic 
understanding of the processes and mechanisms of mass movement is now 
of vital importance in order that design and development can continue 
apace. This thesis is, therefore, concerned with both an investi- 
gation of the mechanics of mass movement in the so-called periglacial 
environment and the classification of observed landslide types. 

A geotechnical appraisal of the range of periglacial 
mass movements encountered in the cold regions of the world quickly 
concludes that most of the landslide forms encountered are unique 
to that area. The landslides are singular when compared with the 
types of mass movement forms encountered in other regions in that 
they cannot be completely described using conventional geotechnical 
practice. The peculiar features of these mass movements, found in 
Alpine, Sub-arctic and Arctic Regions, have attracted the attention 
of investigators for many years and an extensive literature has 
been built up describing the greater part of these unique phenomena. 
The main part of this literature describes in qualitative terms 
the processes encountered while, on the other hand, less information 
of a quantitative nature can be found. In turn, much of it has been 
gathered without due regard to the nature of the mass movement 


mechanisms effecting the processes observed. 
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This thesis seeks to answer the demand for a detailed 
and quantitative understanding by identifying a range of possible 
mass movement mechanisms and by comparing them with reported 
phenomenon and with landslide types observed during the course of 
field exploration. We shall see that there are many aspects of 
slobe stability in freezing, thawing or frozen soils that establ- 
ished geotechnical practice in unfrozen or long-thawed soils cannot 
predict. Further, it will become evident that while possible 
mechanisms have been identified there are significant gaps in our 
knowledge that must be studied before complete and confident 


recommendations can be made for quantitative design procedures. 


1.2 The Study Area in Relation to the Periglacial Region. 
Given the vast extent of those areas that, today, can be 


called periglacial it was necessary to focus attention on a study 
area that was both representative yet readily accessible so that 
a realistic range of actual slope processes could be studied in the 
field. 

It is first useful, however, to briefly consider what 
is meant by the term periglacial. It has been pointed out by Bird 
(1967) that the definition of this term has not been consistent. 
The term was originally used to refer to areas lying near the 
margins of Pleistocene ice and was extended by Embleton and King 
(1968, p. 448) to describe a zone peripheral to glacial ice, past 
or present. Both Bird and Carson and Kirkby (1972) find merit 
in describing the periglacial zone as being coincident with perma- 
frost regions. Bird suggests that a better practical boundary is 
obtained from vegetation and that the periglacial zone includes the 
arctic tundra zone of the boreal forest. Therefore, the periglacial 
region can be seen to be a useful term for the cold regions of the 
world and is used in this sense in this thesis. 

The study area that was chosen for consideration is 
situated in the vicinity of the Mackenzie River between Fort Simpson, 


Mile 205, and north to above the Ramparts at Mile 660. This area 
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is within the discontinuous permafrost zone as defined by Brown 
(1970) and is completely within the Boreal Forest zone. As such it 
is not entirely representative of the complete periglacial environ- 
ment but, nevertheless, has proved to be an adequately representative 
area for field study, The study area is shown on Fig 1.1. 

The study area was first examined in detail on aerial 
photographs during the fall of 1971 and flown over briefly during 
September 1971. A detailed field reconnaissance was undertaken by 
a river-based operation, supplemented by helicopter surveys, during 
the summer of 1972 and a detailed field drilling programme was 
conducted during March, 1973. The observations made during the 
course of the field exploration are essentially confined to non- 
bedrock slopes and in particular to the glaciolacustrine or glacial 


lake basin (GLB)* soils found in all parts of the study area, 


1.3. Scope of the Thesis 
The primary aim of this thesis is to investigate possible 


mass movement failure mechanisms for landslides in periglacial 
regions. However, in order to acquire detailed first-hand knowledge 
of actual slope processes it was necessary to derive a working class- 
ification of landslides within the study area. Therefore, the 
proposed classification as well as the attendant observations on 
landslide morphology, permafrost conditions and allied geotechnical 
considerations form a significant part of this thesis. 

The periglacial mass movement literature is reviewed in 
the remainder of Chapter I and an engineering classification of the 
landslides of the study area presented in Chapter II. Both the 
review of the periglacial literature and the engineering classification 
derived have been developed using a purely descriptive classification. 
The most trying aspect of a review of the periglacial landslide 
literature is the almost endless proliferation and mixing of descrip- 
tive and mechanistic terms. Considerable debate centres around the 


use of genetic or mechanistic terms used to catalogue the various 


* This abbreviation will be used throughout the thesis. 
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processes and for this reason the review of Chapter I and the classi- 
fication presented in Chapter II are based on a descriptive framework. 
Furthermore, the review in Chapter I is developed under the headings 

of solifluction, flow, slide and falls; a distinction which anticipates 


the classification presented in Chapter II. 


The remainder of Chapter II concerns itself with aspects 


of the engineering geology of the study area. 


The next three chapters, III, IV and V, describe mass 
movement mechanisms for thawing, freezing and frozen soils and 
compare the models derived with the landslide phenomena observed in 


Chapters I and II. 


Chapter VI discusses the initiation and occurrence of 
landslides in periglacial regions and Chapter VII presents some 


conclusions. 


1.4 A Review of Periglacial Mass Movements 


Peet Solifluction 
(i) Introduction 


This section seeks to present a review of the salient 
geotechnical features of solifluction mass movements and is restri- 
cted to those case histories in which either quantitative information 
is reported or where detailed qualitative observations are given. 
Many difficulties and contradictions arise in the description and 
classification of active layer mass movement processes and they have 
been reviewed by Washburn (1967) who differentiates between soliflu- 
ction and frost creep. He considers frost creep as 

"the ratchet-like downslope movement of particles 

as the result of frost heaving of. the ground and 

subsequent settling upon thawing, the heaving being 


predominantly normal to the slope and the settling 
more nearly vertical." 
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However, there is no succinct definition of solifluction given by 
Washburn who, in fact, finds merit in the use of the term 
gelifluction or congelifluction to distinguish from solifluction 
which, in his view, should not be limited to cold climate phenomena. 
It is apparent from a review of the literature that these difficulties 
in terminology arise from an unfortunate mixing of descriptive 
classification and of proposed mass movement mechanisms. For geo- 
technical purposes it is argued that solifluction is an established 
term for a type of mass movement common to cold regions that can be 


pictorially described without recourse to mechanistic arguments. 


Creep is also considered by many to be an important 
aspect of shallow periglacial mass movement. Carson and Kirkby 
(1972) distinquish between continuous creep operating under the direct 
action of shear stress and seasonal creep caused by various processes 
in a zone of seasonal fluctuations. In cold regions continuous creep 
stems from the inherent rheologic properties of frozen or thawing 


soil while seasonal creep is equivalent to frost creep. 


Although there is general agreement as to what periglacial 
features constitute solifluction there is a wide range of termin- 
ology used in describing these features. Table 1.1 presents a summary 
of some of the terms used in the various classifications for arctic, 
sub-arctic and alpine regions. Capps (1919 and 1940) describing slow 
soil flows in the Kantishna Region of Alaska notes that these mass 
movements are large and numerous only in permafrost regions, that 
movement is restricted to the thawing active layer, and that slow 
flows are restricted to soils having large water contents. Although 
Capps points out that there are gradational phases between any form 
of movement he isolates certain forms of solifluction movements, 

Table 1.1. Striped slopes are found on high slopes with little or 
scanty vegetation and results in a smooth rounded slope profile 
with a striped arrangement of rock particles and vegetation along 


lines of downslope movement. A second type results when soil 
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movements are constrained by vegetation and is described as follows: 


'" After the superficial layer of muck and soil 
has thawed the semi-fluid mass tends to sag down 
the hillside stretching the turf into a flat, 
bulbous form. As the turf is tenacious and 
feltlike, however, it stretches but does not 
DEGAK? tees s In this way a hillside may be 
entirely covered by mammillary lobes, closely 
grouped and constantly creeping downhill." 


Capps reports that the lobes vary in size from small 
flows with lobes a few feet in height and width at the front edge 
to large movements with 8 to 10 ft high scarps and with frontal widths 
up to several hundred feet. At some locations a hillside may be 
covered by many small separate lobes. Another variety appears as 
long wavelike terraces with successive waves appearing one above the 


other and these movements are common on slopes as low as 10°. 


Sigafoos and Hopkins (1952) describe solifluction forms 
in Northern Alaska and identify features described as solifluction 
terraces (soil or altiplanation terraces), solifluction lobes and 


stripes. 


In a review of mass wasting processes on Victoria 
Island in the Canadian Arctic, Washburn (1947) isolates features 
described as solifluction sheets, lobes, streams and stripes, co- 
existing on a solifluction slope. Some solifluction sheets lack 
distinct upper and lower margins whereas in others well-defined lower 
margins occur where encroaching sheets move out over stationary 
soils. In some cases these frontal segments are nearly straight 
while others are lobate., Washburn finds that solifluction streams 
occur when soil movements become laterally confined and that many 
streams can grade into a sheet. In turn, many sheets are charact - 
erized by stripes trending in the direction of the steepest available 
slope. Active stripes have been noted on slopes as low as 5 °F raga 


Washburn concludes that: 
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"Characteristically, solifluction slopes present an 
assemblage of forms, and frequently the assemblage 

is so complicated that it becomes practically 
impossible to single out the component parts. Thus, 
solifluction sheets or streams are found singly or 
together and with or without solifluction fronts, 
lobes, and stripes; but either singly or together 
they enter into the make-up of a solifluction slope." 


Subsequent to his field work in the Canadian Arctic, 
Washburn (1956) presented a classification of solifluction movements 
by delineating features on a descriptive basis, Table 1.1. Steps 
are patterned ground where a series of terraces can be found one 
on top of the other. Non-sorted steps have a vegetation covered 
embankment while sorted steps have a border of stones. Sorted stripes 
are formed by lines of stones and finer soils while non-sorted stripes 


describe alternating lines of vegetated and relatively bare ground, 


Adopting a descriptive terminology based on the parameters 
used by Washburn (1956), Benedict (1970) describes solifluction 
features found in the high alpine environment of the Colorado Front 


Range, Table 1.1. 


(ii) Quantitative Aspects of Solifluction Movements 


A peculiar feature of solifluction movements is instability 
on low angle slopes. Evidence of these low angle movements exists in 
the fossil features of the Pleistocene periglacial zone and some typ- 
ical case histories are noted in Table 1.2. Many active features 
have been observed in contemporary periglacial areas and movements 


have been observed on low slopes, Table 1.3. 


Knowledge of the rate of solifluction movements can be 
of interest and have been the subject of much active field measure- 
ment. Movement rates on both low and high angle slopes from arctic, 
sub-arctic and alpine environments in a variety of soil types are 


presented in Table 1.3. Large downslope movements have also been 
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interred: for, certain. fossil. solifluction_siopes,i. Table. 4.2. Many 
authors attribute the movements to a combination of frost creep, 
creep and solifluction. Velocity profiles have been measured at a 
variety of sites and, characteristically, they have a concave down- 


slope profile (see Carson and Kirkby, 1972). 


There is a tendency among some authors to seek a relation- 
ship between rates of movement and some function of the slope angle. 
Washburn (1967) reports a linear relation between annual movement 
and the size of the slope angle. Although the relationship is 
presented as being a good fit among average measurements the apparent 
standard deviation is high. Higashi and Corte (1971) conducted model 
experiments on solifluction and report a linear relation between 
movement and the tangent squared of the slope angle. There is no 


apparent justification for these relationships. 


The process of frost creep has been the subject of 
considerable investigation as it is amenable to direct field measure- 
ment. The theoretical, or potential, frost creep downslope movement, 
D, results when a soil surface freezes and heaves, perpendicular to 


the slope, a distance H, and can be related by: 


D = H tan 0 Ci.) 


where 8 is the slope angle 


The actual frost creep equals the potential if, on thaw, 
the soils settle vertically. However, as pointed out by Carson 
and Kirkby (1972) the heaved soil seldom settles vertically but has 
an apparent upslope component of movement and both Washburn (1967) 
and Benedict (1970) note retrograde movements that considerably 


lessen the total movement that can be attributed to frost creep. 


Field measurements of frost creep also suggest that its 
importance may be overstated. Williams (1966) infers the amount of 


heave, H, required to account for recorded downslope movements using 


U Ay J 7 liane! 
vine | | ae 


ena «Sekai? -soainimaitic iu gn 
& 38 boxmansn nded syed eel tot 7200 x0 ifoe bits 

= pwob’ aveongo 8 avant ae are tas nee brs per to 
thie, Yodan bas. haere) sian): aon 074 | 

a) 

-noiteis1 8 d9aa of etodas omba, gnome wohadies é ail oybaT 
,ofyns eqols oid te tot donut saoe bas nikendsvcar baits eoden cory 
* Samevont isonms noswaad ad totes Teena! & athe 19% ‘(tae y” 
ei qifenol tafex ‘on3 daiod ath vega saath ody, Je este 
taeraqqs sit etasmsyveassm oa ntave gnome 323. ‘boog 5 gated et as 
fsbom beSoubncs (£\8i) ss709 bas: engin igi ah nel a 
| 6sy dod aoiselex tesnil s deoqay ‘bins nokioul itor no Per 
on ef StedT signs sqoda: $d4 Fo ‘bsarsupe aeagnea sae ce . 
-sqidenstsRiSa ates sot soianoiideut 3 


26 doetdire. sla aod aan qos io Jeout ic sda aot. ; 
-Suegen BES tooth os-sidenems ek 32 as viet appiaenyer atdeiee 
dremsvom Syodeni>b gsets d207? ,Lsitinetoqia0 ‘Ladi asaoeds | 

63 t8figtbesqasg jzavegl bas 2959372, SaBLIve pine (a note & 
"yd bateiex sd oso bes oar ape 


(4.2) : BLassnieie , ne) 
ae: sei sid ah 2 ome 


aad awd eiteasdsey aok wehbe mane pens arenes 
(Xa@L) muddesW dod bane. eae 49 bes o rach ae scokegy 3 


i hae aaa Jedgpira| o8ls gadao 38028 36 aatias tiene ‘tod 
Wg 2 amwoms sits arnzne (0@t)embztt Wwe -bedeaeve ad hat 
Mae oo imal 2 Ioomevom digo tauy bet ae to# tavesss ox bestupey aa a 


Eq 1.1. He finds that the frost heave required, H, to account for 
the measured displacement, D, unrealistically high when compared to 
the observed ice stratigraphy and rejects the likelihood of frost 
creep in accounting for observed winter movements. Washburn (1967) 
reports an average winter movement of 1.2 cm occurring on a slope of 
2.59. Eq 1.1 predicts a required heave of 28 cm but vertical 
deformations of this order of magnitude are not reported. Jahn (1961) 
considering frost heave on a 4° slope in Spitsbergen finds that the 
measured heave of 15 cm predicts a movement of 1 cm which is consider- 
ably less that the total downslope movement of 3 cm measured during 
spring thaw. A comparison of frost heave, potential frost creep 
calculated by Eq 1.1 and recorded movements for solifluction slopes 
in Northern Norway is given in Table 1.4, and it can be seen that 


total measured downslope movements are greater than movements that 


can be attributed to frost creep. Benedict (1970) measures both 
frost heave and downslope winter movements on a solifluction 
lobe of known angle and finds that actual movements are at least 


double winter movements. 


Winter excavations in a solifluction lobe on Garry 
Island show that numerous horizontal to vertical ice veins ranging 
from a fraction to several mm in thickness cut across the frozen 
active layer (Kerfoot and Mackay, 1972). It is also noted that the 
curvature of tubes installed to monitor slope movements have a marked 
tendency to kink or bend at the base of the active layer and it is 
suggested that downslope movement is aided considerably by the freeze- 


thaw of these ice veins. 


(iii) Soil Characteristics 

Movements due to solifluction or frost creep are 
favoured in fine-grained soils. Jahn (1960), commenting on the 
relative lack of movement on rock slopes on Spitsbergen, notes that 
the slopes lack fine material which is indispensible for solifluction 
movements. Benedict (1970), Washburn (1967) and Chandler (1972) all 
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present detailed documentation on the large percentage of fine- 


grained soils involved in slow downslope movements. 


Washburn (1947) comments on well-developed solifluction 
sheets moving downslope and engulfing old strand lines and notes 
the significant difference in scil composition between the till- 
like solifluction sheet with abundant clay and silt and the well- 
sorted beach debris. As the climatic conditions will be 
essentially identical for both segments of the slope, the effect 
of soil composition is evident. A comparison of slope angle and 
index properties for slopes in the Mesters Vig, Greenland, is 
presented in Table 1.5, drawn from data in Washburn (1967). It can 
be seen that a tendency towards lower slope angle exists in those 


slopes with increased fines. 


The intense sorting action characteristic of peri- 
glacial environments also aids slope movement. Separation of coarse 
and fine-grained soils conditions the slope by concentrating the 
finer-grained, more frost or thaw susceptible, soil at depth. As 
pointed out by Corte (1963) both vertical and horizontal sorting can 
occur, Corte (1963, p.132) presents an excellent photograph of the 
intense vertical sorting that has occurred in the active layer in 
Thule, Greenland. Washburn (1967) notes that at sites ES7 and ES8 
that the top several centimeters are coarse and have boulder 


concentrations and that the fines increase with depth. 


The consequences of horizontal sorting apparently causes 
the sorted stripes common to some solifluction slopes and the 
concentration of fines favouring slope movement processes result in 
the relatively greater movement of the finer soil as noted by 


Benedict (1970). 
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(iv) The Importance of Freeze and Thaw 

It is generally agreed that solifluction movements occur 
during the spring thaw and that water is "involved" in these 
movements. It is generally agreed, usually implicitly but also 
explicitly, that this water comes from the thawing of frozen ground. 
It is also agreed, albeit for a wide variety of reasons, that the 


freeze-thaw cycling of a periglacial zone is vital to solifluction. 


Paterson (1940), discussing the importance of freeze and 


thaw on solifluction, concludes: 


"it appears, therefore, that the decisive factor 
is the amount of soaking of the ground, and that 
the extensive occurrence of solifluction in cold 
regions is due to the greater tendency to earth- 
soaking during a thaw succeeding a period of 
intensive frost when water is-held up as ice." 


Taber (1943), as a resylt of his earlier work in frost 
Susceptibility, comments on the consequences of ice segregation on 
freeze back and the resulting instability on thaw. A description 
of the instability of solifluction slopes during thaw given by 


Washburn (1947) can hardly be improved on: 


"The completely saturated condition of a solifluction 
slope during the spring thaw is the most important 
factor in movements. In the spring, when excava- 
tions were made in solifluction fronts, water 
invariably trickled down over the exposure. Trenches 
cut into the surface of a lobe collapsed at the 
sides and formed a runway for miniature mudflows. 

A completely saturated condition also characterizes 
the upper portions of a solifluction sheet. On 
June 17, solifluction slopes on the southwest side 
of Mount Pelly sparkled with water, especially 
where the vegetation was thick, and apparently 
firm ground on the summit plateau was so soft and 
capable of flowage that the writer sank to his 
ankles in the stoney, clayey maSS) .....eseeees 

By July 9, this area was quite firm underfoot." 
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Barnett (1966), in a study of certain slope forms in 
the Canadian Arctic, feels that downslope movements are confined to 
the spring thaw season. Similar studies by Smith (1960) in 
South Georgia; Rapp (1960 and 1962) in the Karkevagge area of 
Sweden; Harris (1972) in Northern Norway, and Jahn (1961) in 
Spitsbergen, also emphasize the importance of the thaw season in 


controlling solifluction movements. 


The importance and association of freeze and thaw in 
solifluction movements stems from characteristic properties of the 
fine-grained soils common to solifluction slopes. During the 
freezing cycle the fine-grained soils bulk and develop ice lenses 
as water is attracted to the freezing front. On the completion of 
freeze back the active layer of the zone of seasonal frost penetration 
has then undergone a net increase in volume, as witnessed by the 
amount of heave that can be measured, Then, during the following 
thaw cycle, instability results because of the characteristic 
mechanical properties of low permeability and high compressibility 
of the fine grained soil. The detailed mechanisms of instability 
will be considered later and we shall, for now, follow Jahn (1970) 
and Benedict (1970) in noting that this process of volume increase 
is vital in conditioning a slope for solifluction movements during 


spring thaw. Benedict (1970) states that: 


"Although much of the alpine region is saturated during 
the spring thaw significant solifluction occurs only 
in areas where the water table remains high enough 
during the fall freeze to permit thick ice-lense 
development." 


As the result of many years of observations in Greenland, 
Washburn (1967) notes that solifluction movements during the spring 
thaw were greater in those sites that were wet and saturated during 
the preceding autumn freeze-back. As these sites were in frost 
susceptible soils with 30 to 45% fines it is felt that bulking or 
ice lensing contributed to the solifluction movements. The 


importance of moisture migration to the freezing front is also 


om aP 7 yor a ai ' i ~ mf wt — VR 
ED. I Ag i te , \ 


: ea i OTD. aduemsvoat ob dst 
nk (088L). Aa dime xd ia pe 1 EEE | ’ a Bi. 

to, sexs sggeve dae ora ob (Saas bia: MOREY -99 

pk (Gr) abet bua’ .gewrol nasidsoK iat ae eel 

ni novese watt odd to Sones t0qit aii ssEaedqne eels aa 
espana wokioul on 


ind wars) bak ss9e73 10. folasiseees bos vane a at 
oH 260 eni719q074 sk3ed1d338a8d9 morta page Bane navOR “se : 
edt goku  .asqole notioudt ites, es agae'S alive 8 oD 
esensl soi golaveb bis Aiud eLion beaisze~ oni add: Line 3 
to qo tssfomag ada 20 eine gatssos? oda ag Peeereress abi 
noiasrs6neq Ja0s% fanozase jo sos ant 39 zoek, subd es oft Baht 
oy ¥d beeasntiw as .ombtov, ak awgortoad go 8 ‘saoy rab @ 
gniuotte? eft goiwb .jeiT ,betvasem od Ako jsd3 | ausett do He 
sidatwdosrads s3 Io sausged egluesy (ii idedeat aloo wee 
CIM Rdekerqios dgid bss aid tdssmisq wor Ao as itieaorg nee 
yatlidtngent to emeinadagn bei teteb ait ies benim Zhe 
COVE) msl wolfod wou 401 eit sie: sw brs se3at bawabs 20% 
gasowomt soreLow Bo eagne ag ane roe} ued al corey ay 


b tassnu aes ait nee omigia aid to dat are 
mwe90 ForIouL hives: ert ie ae 

dg etrisas1 sided. raasw, oda on8dw 2 
“panotnao Mobb dimxsq oF Seana 1's 4b * 
ie | nea fab | 


ay 


_ etane at @adisavaence to’ “ero ania Shu aiueox. Sih ‘aA mit 
wiht Mere aanoeedvom gins aoton nid} Pras fas 


13 


reviewed by Jahn (1970). Harris (1972) notes that movement rates 


are higher in sites where soils are saturated during thaw. 


Although many workers dwell on the importance of snow 
melt and atmospheric water sources in influencing solifluction, it 
is felt that the main influence is indirect. While summer rainfall 
or snow melt may increase the rate of thaw or increase the stress 
imbalance in a thawing slope the dominant influence of wet summer 
conditions is to contribute saturated conditions at the onset of 
freeze back. These saturated conditions, therefore, ensure an 
adequate water supply for frost heaving. The presence of an imperme- 
able frozen layer in permafrost terrain contributes to this 
conditioning. Washburn (1947) is partly aware of this distinction 
and comments that although melt water from snow may aid solifluction 
there is no reason to believe that it is a requisite condition for 
solifluction. However, Washburn also applies the same argument to 
the water derived from ice lenses, and we shall see in a later 
chapter that ice lenses exert an important control on stability 


during the thaw cycle. 


(v) Mechanics of Solifluction 


We have seen that solifluction occurs predominantly 
in fine-grained soils on low angle slopes and that movements are 
primarily restricted to the spring thaw period. Representative 
mechanisms must then account for these factors in a quantitative 


manner. 


A wealth of geotechnical experience in temperate 
regions suggests that it is entirely appropriate to consider the 
stability of long shallow solifluction slopes using the infinite 
slope analysis. It is well-known that, in this case, by applying 
a statical balance of forces the factor of safety of a slope, 


F,, becomes: 
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) tA 
Po cetyl tame (1.2) 
& tan @ 


where i is the ratio of effective to total unit 
weight and is generally about 1/2 


@ is the angle of shearing resistance in 
terms of effective stress (c' = 0) 


8 is the slope angle 


As solifluction slopes can undergo large displacements, 
it is appropriate to introduce a residual value for the strength 
parameter in Eq 1.2. Eq 1.2 then predicts that slopes should be 


stable at angles less than given by the following expression: 


( 

tan @= ed (1.3) 

However, it is found that when conventional limit 
equilibrium analysis is applied to actual solifluction slopes, move- 
ment or unstable slopes are found on slope angles much less than 
predicted by Eq 1.3. Field investigation on fossil solifluction 
slopes and on active slopes in contemporary periglacial areas 
indicate that movements can occur on slopes at angles considerably 
less than predicted. A summary of available quantitative case 
histories is given in Table 1.6 and it can be seen that the failed 


angle is considerably less than the predicted angle using Fq 1.3. 


vi 


Eq 1.2 has been developed using the maximum hydrostatic 
pore pressure condition of parallel to the slope seepage in conjunction 
with the lowest possible residual angle. Assuming that it is 
appropriate to use a residual angle derived from conventional test- 
ing practice, then excess pore pressures are required to account 
for low angle movements. Expressing the pore pressure, Pw, in terms 


of the ratio: 


ry = Pw (1.4) 


where 8 Z is the total stress 
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it is possible to express the amount of excess pore pressure 
required to predict failure by Eq 1.2, see Table 1.6. Noting that 
for most conditions r,, = 0.5 is a measure of the maximum hydrostatic 
pore pressure, the relative amount of excess pore pressure required 


to induce failure is apparent in Table 1.6. 


Weeks (1969) and Chandler (1970) invoke a mechanism 
of differential freezing and ice-blocked drainage to account for 
excess pore pressure and which is identical to a mechanism of ice 
block drainage already suggested by Siple (1952). Although this 
mechanism is possible it will not explain movements during spring 
thaw, which, as has been shown, are the most significant in contemp- 
ory periglacial areas. Furthermore, during freeze back of typical 
fine-grained solifluction soils, pore water tensions, or at least 
pressures less than hydrostatic, can be expected due to ice lense 
formation processes and it has been noted that bulking and ice 
lensing is vital to solifluction movements. Therefore, although 
excess pore pressure resolves the problem, it is unlikely that the 


ice-blocked drainage process is a dominant mechanism. 


Excess pore pressures have been measured in the field, 
in an active solifluction slope in Spitsbergen by Chandler (1972). 
Using open standpipe piezometers ae values of from 0.60 to 0.84 
were measured at depths of from 0.2 to 0.58 m. These values 
compare favourably with the required values given in Tablel.6for 
this site. In addition to the ice-blocked drainage mechanism dis- 
cussed above, Chandler (1972) also suggests that permeability 
contrasts within the slope profile can contribute to artesian condit- 


ions. 


A process that is unique to thawing ground phenomena 


and which resolves this paradox of movement on low angle slopes 
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within the concept of limit equilibrium is what has come to be 
termed thaw consolidation. The concept of consolidation in thawing 
soils was formulated in a correct manner by Morgenstern and Nixon 
(1971), and applied to the prediction of thaw slope stability by 
McRoberts (1972). The theory, which will be developed in a later 
chapter, predicts that excess pore pressures can be generated during 
the thaw of fine-grained soils. When frozen ground thaws, water is 
released; settlements develop as the water is squeezed from the 
ground and, if water is generated at a rate exceeding the discharge 
capacity of the soil, excess pore pressures may be set-up. The 
prediction of instability on low angle slopes results from the input 
of excess pore pressures due to thaw consolidation which, in turn, 
reduces effective stress and thus the available shear strength 


along a slip plane. 


Many aspects of thaw consolidation theory have been 
confirmed by laboratory testing and positive excess pore water pressures 
have been measured in the laboratory on natural soil samples (Nixon, 
1973). Excess pore pressures have been recorded in the field under 
an instrumented oil pipe thaw test and thaw consolidation theory 


accurately predicts the measured pore pressures (Nixon, 1973). 


Taber (1943) has discussed in qualitative terms the 
basic ideas involved in thaw consolidation (see also Sec 1.4.2) and 


Williams (1959) is aware of the implications and comments that: 


"it is often tacitly assumed that, in thawing of 
soil where considerable water accumulation has 
occurred at freezing, conditions of hydrostatic 
excess pressure will arise generally and contribute 
in considerable measure to instability." 


However, he rejects the importance of this phenomena Vv 
based on the results of pore pressure measurements that record tensions 
in the recently thawed soil of active solifluction slopes (Williams, 
1959 and 1966). For one site movement is documented on a 29-4728 


slope and Eq 1.3 would require a residual angle of some LSE G 
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account for instability with full hydrostatic pore pressure 
conditions. As a lower residual angle might be considered appro- 
priate pore water sub-pressures are consistent with movements on 
this high angle slope. Tensiometers have also been used by Harris 
(1972) to study pore pressure conditions in a non-permafrost site in 
Northern Norway. For all the sites studied, positive pressures 
indicating saturated conditions are noted until thaw, which is 
observed with thermistor strings, is completely over. Immediately 
after thaw,tensions build up rapidly, either due to desaturation or 
downwards flow, and it might be expected that similar conditions 


apply to the sites studied by Williams, 


A mechanism of true lubricated flow of soil layers is 
proposed by Carson and Kirkby (1972) which is similar to thaw 
consolidation. The authors comment on the importance of slow 
freezing in which large amounts of water are drawn up into the soil 
and the subsequent effect of rapid thaw in some way producing 


instability. 


Low angle solifluction movements, on the other hand, 
present no conceptual problems to those investigators who emphasize 
the so-called flow aspect of solifluction. Mass movements are based 
on a concept of viscous flowage and as the solifluction slope is, 
in some manner, changed into a viscous liquid, it then follows that 


movement may occur on low angle slopes. 


Bird (1967), in reviewing the mechanics of solifluction, 


favours a viscous flowage process and suggests that: 


"in spring,melt water from snow and ice melts 
the soil until the cohesive strength fails 
and viscous flow occurs." 


Embelton and King (1968) qualitatively describe a move- 


ment process due to the flow of water-saturated debris and Washburn 
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(1967) comments that: 


"The Atterberg limit is an important parameter 

in the solifluction and significant solifluction 
probably occurs only at moisture values exceed- 
ing the liquid limit." 


These comments on the role of the liquid limit in 
defining the onset of solifluction are reasonable but not because 
soil water contents near the liquid limit define the loss of cohesive 
strength. Rather, the observed loss of shear strength near the 
liquid limit is due to the low effective stresses that must co-exist 


with the high void ratio in situ in a solifluction slope. 


Apart from these statements describing qualitatively 
a flow process,no mention is made of the specific type of constitutive 
relation governing flow. The reader is left to imagine the form of 
the rheologic model and the author is not aware of any attempts to 


quantify observed viscous flow in thawing soils. 


The actual processes by which a viscous liquid of soil 

slurry can be created and sustained are considered in a later 

chapter. Briefly, it can be noted that if thaw proceeds at a suff- 
icient rate the effective stresses in a thawing soil can be maintained 
by thaw-sedimentation processes which result if the velocity of the 
advancing thaw-front exceeds the velocity of fall of soil particles. 
As effective stresses are then always zero, the only shear strength 
that can be mobilized is due to the inherent rheologic properties of 


the soil-water mixture. 


The process of frost creep described earlier is often 
invoked to account for solifluction movements. It has been shown 
that magnitude of movements ascribed to frost creep demand frost heave 
movements that are far greater than those measured and that movements 
that might be attributed to frost creep are much less significant than 


thaw-dominated spring movements. Carson and Kirkby (1972), after 
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reviewing the importance of frost creep suggest that frost creep 
appears to be a simplification of the mechanisms involved and that 


it is inadequate in accounting for observed movements. 


The possibility that some winter movements are influenced 
by the deformation of frozen ground is suggested by Washburn (1967). 
He applies the constitutive relationship between shear stress and 
shear strain rate given by Wahrhaftig and Cox (1959) to a 14° slope 
in the Mesters Vig but, as the predicted rate of 12 cm/yr exceeds 
observed winter movements, discounts the importance of frost creep. 
However, as the Mesters Vig slopes may not have high overall ice 
contents the rates predicted are an upper boundary. As there is some 
evidence in both the Mesters Vig and other sites that observed winter 
movements cannot be completely accounted for by frost creep, creep 


movements in ice-rich frozen soils may be a reasonable mechanism. 


1.4.2 Flow Landslides 
(i) Description 


Certain forms of periglacial mass movements can be 
considered under the category of flow landslides. While flows and 
solifluction mass movements are felt to have many common failure 
mechanisms the difference in appearance is marked making the 
distinction between the two forms mandatory. Mass movements, consid- 
ered herein as flows, are variously described in the literature as 
mudflows, earthflows, rapid viscous flows, mudslumps, tundra mudflows 
and so forth. Considering these forms of periglacial landslides it 
is possible, on a purely descriptive basis, to identify two broad 
categories of flow landslides. Anticipating the terminology derived 
for use in the study area and keeping in mind that the distinction may 
not be made in all cases due to incomplete documentation, flow land- 
slides are subdivided into skin and bi-modal flows. Skin flows develop 
with a marked planar shape while bi-modal flows is a term used to 


describe flows developing with a definite bi-angular profile. A 
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summary of representative periglacial flow landslides is given in Table 
1.7 and where possible a discrimination is made as to sub-type. The 
reader is referred to the detailed description of skin and bi-modal > 


flows given in Chapter 2. 


Skin flows begin as a thin detachment of vegetation and 
mineral soil moving out in a planar fashion over the permafrost table 
(for example: Capps, 1919; Eakin, 1919; Sigafoos and Hopkins, 1952; 
Wahrahftig and Birman, 1954; Mackay and Mathews, 1973). Skin flows 
have been reported along the Mackenzie River by Hardy and Morrison 
(1972) who note a form of surface scouring initiated by brush fires 
and who comment that forest fires can precipitate surface movements on 
quite flat slopes. Hughes (1970) comments on the frequency of 
detachment failures caused by the movement of the active layer over 
underlying permafrost. Long ribbon-like skin flows are reported by 
Isaacs and Code (1972) as are similar landslides called active layer 


glides reported by Mackay and Mathews (1973). 


Bi-modal flows, unlike skin flows, develop with a marked 
bi-angular profile which, as will be discussed in later sections, is 
caused by different processes at work in the same landslide. Bi-modal 


flows have a steep headscarp portion and a much lower angle tongue area. 


Bi-modal flows are, for the most part, reported in the 
higher arctic tundra regions. Headscarps are reported containing 
significant percentages of either or both massive ground ice and ice 
wedges and the headscarps in active flows are bare of vegetation 
except for small overhangs of moss cover (see Lamothe and St. Onge, 1961). 
Headscarps can be observed back-sapping at considerable rates, see 
Sec 3.4. Kerfoot (1969) has given a detailed description of the 
characteristic development of the headscarp profile during the thaw 


season. 


The tongue portion of some bi-modal flows is more a stream 


of liquid-like mud (Washburn, 1947; Lamothe and St. Onge, 1961; 
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Mackay, 1966) while in other flows the colluvial debris can retain 


soil-like characteristics (Bird, 1967; Wahrahftig and Birman, 1954). 


Hughes (1972) describes a retrogressive flow seated in 
the ice-rich glaciolacustrine sediments found along the Mackenzie 
River Valley. The flow landslide is apparently a bi-modal type as 
are flow landslides reported by Heginbottom (1971) in the Inuvik, 
N.W.T. area. 


The distinction between bi-angular or planar profile is 
sometimes difficult. For example, when a skin flow moves out suddenly 
a steep but relatively shallow headscarp may be abandoned by the 
downslope movement and a weak bi-angular profile created. This bi- 
angular profile can, however, be further developed by additional 


movements in the recently bared headscarp area. 


Cuts made artificially in ice-rich soils can also result 
in the formation of what are essentially bi-modal flows. Documented 
evidence of melting highway cuts in Northern Alaska has been reported 
by Smith and Berg (1972), who note that rapid headscarp recession 


due to thaw results when cuts are made in ice-rich soils. 


(ii) The Importance of Vegetation Covers 


The role of vegetation in controlling the development 
of flow landslides and, further, of modifying conditions such that 
solifluction or flow movements might occur was first stated by 
Capps (1919). As seen by Capps, the vegetation cover is capable of 
developing considerable strength due to its tenacious, feltlike 
properties. All other conditions being equal the vegetation cover 
either contains the thawed soil and sags with it developing soli- 
fluction lobes, or the cover ruptures and a flow of thawed soil 
spews out downslope carrying the overlying vegetation along. Similar 
arguments and observations of fluid flows of thawed soil spewing out 
from ruptured vegetation covers are made by Taber (1943) and Sigafoos 


and Hopkins (1952). Bird (1967) reports on a small flow some 20 m 


a : 


ad hosaed wold Svieesago7Ies 8 esdha5ase yANer) Soe 
gisasiseM oft L anita ae eee ontx BLO. we sf 3 


» a ek 


Avent Porn: :ensen) no s2udngal @ beaieae Md i 


<, 
7 


; Pe it ’ : 
ai ofitexg asnelq 10 relugns-td sowed potsont ver’ sar 


yitisbbus suo esvom wolt mie’ s node of GmBKD ae .3tusi12Sb a 
sia yd benobnsds 9d yom ursoabuad vol Esta elsvivetos tua q 
«kd aidT ‘be snes alitorq 16 tsar sa AeSw & bas Jeiomeaviom 
fenuksebbs! yd boqoloveb sadsau? od Tavewnl: 89 ive 4 
,b9%8 qusdebsed bsiad baesoay ed ta , 


~ ee 
Pe 


jivesy gel@ mBo efioe dolt-aot fi ylisiait saab, aban: oad 
besnaduontl ,buolt Lebom-id yilslonsass 928” apse 20; 10.33 | 
telah noad esd adesiA nisi x08 mi 2tum bean ae city 


at 

tuesiggofevsh 913 gaetteadne’ wi voi sGIegev 40, plot odT 
yada doue ecdbsibsbe gnivgtbom lo .s9dstwF bas geperebalnd ty 
ud be sete Sent? zaw 4uiD90 adi gJaomavon wold 1 no tis ‘ aia a 
| 7 sidsgen al x1svas. nglasiegey’ ‘ada aggee yd tesa" eh ayant : 
‘aes i ered eeudtoene aa 8a Sub djgnorte aldbashsetioS. gail rye lee 
we¥oo \NOFSadagov As Seupe gated ‘gnoudibnod s3itta LFA aopst 
“tad gragetoost a staiw ogee bad Lice bewaily odd! dintatines! 
| foe Bawa to wold 8) pos: aotuaqes xsvoo ‘stt"sa <botok’ 
satin satel haglaeatais vane it a0 adheres: sqoianwob: 200 


{ oF e 


ine 
>, « roe : 


22 


long that developed beneath thick tundra and flowed downslope leaving 


the overlying tundra intact, see Table 1.7. 


Tundra vegetation covers are considered to be good 
insulators and Capps (1919) comments on the importance of moss covers 
in maintaining permafrost conditions in the underlying mineral soil. 
The importance of these insulative properties are graphically 
illustrated by Eakin (1919) who notes a frequent association of 
burned vegetation cover and initiated flow landslides, see Table 1.7. 
Heginbottom (1972) reports an increased frequency of flow landslides 
in conjunction with forest fire activity along south facing slopes 
of Boot Creek Valley, near Inuvik, N.W.T. The importance of forest 
fires in determining the distribution of flow landslides has also 


been discussed by Mackay and Mathews (1973). 


Vegetation is also important in the stabilization of 
the artificial bi-modal flows that can result due to highway cuts 
and so forth in ice-rich soils. Lotspeich (1971) and Smith and 
Berg (1972) comment on the importance of drapedeaves insulative 


covers of moss in stabilizing the rapid melting headscarps of cuts. 


(iii) Mechanisms Operative in Flow Landslides 


In discussing the mechanisms operative in flow landslides 
it is first useful to focus attention on bi-modal flows and to consider 
the likelihood that different processes will be found seated in the 
steep headscarps compared with the process likely in the low angle 
tongues. Furthermore, it is evident that there may be a marked 
similarity between the processes at work in skin flows and in the 


tongues of bi-modal flows. 


Many of the mechanisms of mass movement described in 
Sec 1.4.1 are felt to be as applicable to processes in these planar 
flow landslides as they are to solifluction. The similarity of many 


aspects of flows and solifluction was first suggested by Capps (1919) 
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who considered that: 


"The origin and action of the slow soil flows are 
much the same as those of the sudden and violent 
flows 2. 


In fact, the distinction in this thesis, between solifl- 
uction and flow landslides is, in part, a discrimination between slow 
and rapid flowage of thawed soil (for example: Capps, 1919; Taber, 
1943; Sigafoos and Hopkins, 1952). 


Although any of the mechanisms discussed in Sec 1.4.1 
may be operative in flow landslides the importance of thaw- 
dominated mechanisms is evident. Eakin (1919), reporting on the 
effect of burned moss covers, described one skin flow that developed 
in the autumn as the result of spring burning and comments that these 
features are numerous wherever burning has occurred. Flow landslides 
are noted during periods of unseasonally high temperatures by Holmes 
and Lewis (1965) and Washburn (1947) comments that flow landslides 
are characterized by streamlets of mud derived from thawing till- 
like debris. Skin flows are broadly described as being limited to 
the zone of shallow annual thaw by Sigafoos and Hopkins (1952) who 
note that they begin as thin detachments of soil moving out over 
the permafrost table. From their descriptions it is evident that 
bi-modal flows may develop apparently because of increased thaw in 
the unprotected headscarp area. Similar forms of flow landslides 
are described by Capps (1919 and 1940) who comments on the importance 
of unseasonally high temperatures or the burning of vegetation covers. 
Bird (1967) documents a skin flow that moved outfrom beneath a thick 


vegetation cover that remained intact. 


Along the Mackenzie River Valley, Hughes (1970) and 
Mackay and Mathews (1973) note that skin flows are seated in the 
active layer and that thaw promotes the detachment of a veneer of 
vegetation and soil. The role of thaw in promoting movement is also 


evident in the surface scours reported by Hardy and Morrison (1972) 
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and is noted in a general manner by Isaacs and Code (1972). 


The dominant role of thaw in governing the development 
of planar flows and, in particular, of the importance of thaw- 
consolidation can be summarized no more succinctly that it was by 


Taber (1943): 


"Rapid thawing and slow drainage are conducive to 
mudflows. Any shearing or settling of silts 
expanded by freezing results in compaction, and, 
if the silts are saturated, the water must 
escape immediately or carry part of the load. 
When water carrieS part of the load the mass 
behaves like a liquid, and this is important in 
most sudden soil flows." 


The application of thaw consolidation theory is also 
generally supported by comments made by many authors on the importance 
of thaw-liberated water influencing the development of flow landslides 


(for example: Embleton and King, 1968; Capps, 1919 and 1940). 


, The effect of heavy precipitation has been considered 
by Taber (1943), Sigafoos and Hopkins (1952) and Mackay and Mathews 
(1973), who suggest that heavy rainfall aids skin flow development. 
The effect appears to be one of increased total stress increasing 
shear stress imbalance, increased pore pressures, as well as one of 
increased thaw rate due to the heat capacity effect of large amounts 


of relatively warm water. 


Detailed descriptions of the nature of mass movements 
involved in the tongues of bi-modal flows are particularly scanty. 
Lamothe and St. Onge (1961) comment that the development of a low 
angle, 1° to 2°, tongue in a bi-modal flow is caused first by mudflows 
which carry the liquid-like mud and, secondly, by solifluction which 
removes the more viscous material. They note that a mud-stream that 
drains the headscarp hollow flows at rates of from 5 to 10 m/sec while 
the remainder of the tongue is estimate to move between 0.5 to 1 


m/season. Mackay (1966) reports that the tongue of a large bi-modal 
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flow, similar to the mudslumps reported by Kerfoot (1969) moved some 

2 - 5 ft in 2 weeks in July 1963, but that it was otherwise quiescent. 
Mackay concludes that as the headscarp face retreated the broad 
tongue of the flow maintained an equilibrium gradient of about 3° but 
that there was no downslope removal of thawed soil and only an export 
of water out of the flow. On the other hand, a long narrow bi-modal 
flow (mudflow) reported by Kerfoot (1969) was observed to undergo a 
complex series of displacement with velocities over a 24 hour period 


a 


faging trom o.0, «x 20°; cm/s to 5.6 x Komeeeye or higher. 


Bi-modal flows reported by Lamothe and St. Onge (1961), 
Kerfoot (1969), Mackay (1966), Capps (1919), Eakin (1919), Holmes 
and Lewis (1965) and Hughes (1972) are caused by the exposure of 
massive ground ice or ice-rich soil by lacustrine stream or marine 
action. These flows have a bi-angular profile that is sustained 
as the headscarp retreats backwards as it is thawed. Lamothe and 
St. Onge suggest that the flow is initiated as stream action exposes 
ice-rich material at a meander bend. Similar action is inferred in 
flows described by Holmes and Lewis at a bend in the Kekiktuk River 
and must follow similar patterns in the flows which are being eroded 
by wave action in lacustrine or marine environments. Lamothe and St. 
Onge (1961) go on to suggest that a flow will then develop if a 
sufficient exposure of ice-rich soil can be maintained. They note 
that the steep backscarp can back-sap at rates of from 7 to 10 m/year 
depending on the aspect of the headscarp to incoming solar radiation. 
The steep back scarp is also sustained by the parallel development of 
a low-angle tongue which permits a continuous exposure of ice-rich 


soil. Lamothe and St. Onge also suggest that when the ground ice 


vas, 


melts it produces mudflows that, in turn, further excavate the headscarp 


hollow. This view is disputed by Kerfoot (1969) who finds that the 
only functional role of all the tongues studied was the transportation 


of debris. 


“ 


ake ye eM pa festa aie aa ia per | 

dod "E tuodsa to tnotheag muizd it tops ns bonthiatan wold ong 
siouxs ne yine bas Lice hewsi ‘to pene ano) amwob on dew” 
iehow- id wihrxsn apol 8 brad soso ods , wold eds Bf) aya! 19 3 
B ogvobsiv o2 bevusedy .cbw A@aet) Pre iS bedaoqgat (Wok ' 
boiseq ted AS & yOVvO ie ddiw snomopel aa th 20. eshiae 
. tee kd 40 aNing OF x) Ose 0d a\ino™ “OE x O8 m3 * 


, eet) san0 ,22 bas sisomai. va hassoqes Le Faboa 18 
esmboH .{@fef) nmiasa | (@LeE) aqaqm) -(daet) yedoah (eae) 
to Suwecque afd vd bsenss 275 (Over) zatgui bos. (2der). ei 

antxem tO msexte sarsdevosh yd Pros AdEE-994, 30 go4 Bauer, 
‘psAksieve ai tana sliioz iplugse id 5 ‘svad awolt oasd 
bers SH sbme.t bowed? of Jin abrswilosd 23804297 qaboalen afd 

esaquxe WOLISS mboxtea 28 beseisini ed woit ef teria — 

nik bewisdni ek coisys tsi ime ~brndd zebasam, Ss te: iskxosm 

zovisl Autiivar ods ni bhod s, 4¢ etwot, bas: eonmlok, ya: bedi 132 Bi 

haboud gated ars fo triv awolt Seb, 0k anissa8q tet imi wollol 

: 32 bes odsomal cinema inns acri 1st 10: anizjevsul ae aoidan Va 
B LE goleveb morris Il tw WoL? & taco deeggue: od 0. 63° {i 

ator gant bontasmian Sd nso fios vobiash io emeoges 3 

paay \a@ Ot od \ mort Xo 29384 +6 / ‘qpa-dosd . fB2:, qussdjoed Ribs 
nokisibss usfiee giimosnt of erenah ree axis ic 199 q88 of} 90) Bi 

te ain Gite {elfewng sda yd bonksdaue osié et qasoa ese oda. : 
tioia-sot to, otweogKs auounidaoo & esinraq oide arenes 

Du sok bnootg ona node yard Jweggue cals syn 3 ‘pnb odGemeie sftoa” 

| | gzevebeed ado o%evsex. soda fia ek dei avolsbum Reet tee rae! 
ie , aS Sata ortw: (2dek): toot 794 yd boaugete ak weay a per 


¥ ae ie 
ese . a lel as rs io. ater {8 


Mackay (1966) summarizes the main processes involved in 
the scarp retreat of bi-modal flows which are:- free fall or sliding 
of the active layer; erosion, both thermal and mechanical of the 
frozen scarp face; and slumping, partly rotational, of thawed debris 


blanketing the frozen scarp face. 


It would, however, not be entirely correct to consider 
the mechanics of mass movement of bi-modal flows in an uncoupled 
fashion. For example, the absolute magnitude of the amount and 
rate of headscarp recession is governed by the equilibrium angle 
of the tongue and the rate at which colluvial debris can be removed 


from the base of the scarp and deposited elsewhere. 


In turn, mass wasting of the head scarp can cause an 
undrained loading of the soil in the upper portions of the tongue 
area, a resultant increase in the excess pore pressures, which, in 
turn, will induce low angle instability. This process, whereby 
low angle movements can be induced in flow landslides by the loading 
of debris discharged from steeper slopes to the rear of the flow 
is not peculiar to periglacial areas and has been discussed by 


Hutchinson and Bhandari (1971). 


Nevertheless, it can be seen that a consideration of 
the mechanisms operative in flow landslides must deal with two broad 
areas. The first is the description of mass movement on the low 
angle slopes, characteristics of skin flows and the tongues of bi- 
modal flows. The discussions of an earlier section on the import- 
ance of thaw-dominated mechanisms in relation to solifluction 
apply equally well to these planar flows. The second area concerns 
the mechanisms of movement in the steep headscarp areas of bi-modal 
flows. A review of the literature suggests that here the dominant 


process is thawing with a constant removal of the melt; properly 
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called an ablation process. 


Some discussion on the mechanisms of headscarp processes 
in the artificially induced bi-modal flows created in highway cuts 
is offered by Lotspeich (1971). He notes that if cuts are made 
with vertical faces rather than with the usual inclined face common 
in highway practice then stabilized slopes are more readily achieved 
as much less back-sapping occurs. This is due to the rapid initial 
sloughing of colluvial debris which falls on a relatively steep slope 
and is, in some cases, covered by the blanket of living moss derived 
from the original horizontal surface atop the cut. However, whether 
or not the colluvial debris now stable on angles from 30° to 45° will 
remain in this condition over the life of the highway remains to be 


seen. 


Las S3"Slidés and’ Fatis 


The remainder of the mass movement processes discussed 
in the literature can be considered under the heading of slides 
and falls. Bird (1967) discusses the occurrence of slides in 
northern regions but finds that there is nothing to suggest that 
any type of slide is peculiar to periglacial areas. If ali slides 
occur through unfrozen or long-thawed soil or rock then it is reason- 
able to consider these movements within the framework of conventional 
practice. But, if mass movements occur through frozen soil Bird's 
comments are incorrect and this form of mass movement is of great 


interest. 


Washburn (1947) reports on a slide at De Salis Bay that 
has occurred through frozen ground adjacent to a lake in the Canadian 
Arctic. This landslide has left a visible headscarp of frozen ice- 
rich soil some 100 feet long and 30 feet high. Washburn also 
attributes features in the vicinity of Mount Pelly to slides in 
frozen soil and although he notes that mass movements may have 
occurred in thawed soil which has then frozen he discounts the 


possibility for the slides reported. 
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Hughes (1970) describes deep-seated rotational 
failures in river banks in the Mackenzie River Valley where sands 
and gravels overlay glaciolacustrine silt and clay. Slides 
exhibiting translational and rotational movement accompanied by 
large scale gullying are also reported by Isaacs and Code (1972) 
who note that the mass movements must pass through frozen layers 
and suggest that these may be seated in unfrozen clays beneath 


overlying frozen zones. 


Mass movements in glacial lake clays have been studied 
by Wahrhaftig and Black (1958) along the Alaska Railroad. Large 
deep-seated slides with some rotational movement are reported and 
permafrost has been documented in areas adjacent to recent activity. 
Movements are seated in extensive deposits of lake clays and well- 
developed vertical and horizontal ice veinlets are reported. The 
authors feel that movements occur only in thawed soil and comment 
that failure planes and contorted bedding found in certain 
excavations are the result of ancient stabilized landslides that 
have been frozen. They attribute the activity in their study area 
to the thermal disturbance resulting from the presence of the rail- 
road. This is certainly true for some flow landslides noted. 
However, evidence in the form of old bent tree trunks and railroad 
construction records suggests that movement occurred before the 
railroad was built. Furthermore, they quote a unique case record 
in which a railroad roadmaster was lowered down the headscarp 
crack of a large slide. This individual reported that the crack 
extended through permafrost and that running water could be heard 
at the bottom. As no drilling has been undertaken in any of the 
major landslides in order to confirm ground temperature conditions 
the question of whether or not movements are occurring through 


frozen soil is not completely resolved. 


A specific type of landslide called a "fall" is caused 
by bank erosion and is identified as a "thermal erosional niche" 


by Walker and Arnborg (1963) or as "caving blocks" by Frost (1960). 
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This form of mass movement found along the banks of rivers or large 
bodies of water is caused by the undermining action of warm water 
aided by the physical erosion and removal of thawed soil by river or 
wave action. This waterline erosion results in the formation of 

a large niche or undercut and the subsequent breaking off of large 
blocks of frozen material. The features reported by Frost (1960) 
are of considerable size and it is possible that the landslide 
reported by Washburn (1947) at De Salis Bay may be due to thermal 


erosion. 


This process of bank recession caused by thermal and 
fluvial erosion of permafrost at the water line is reviewed by 
Gill (1972) who notes the importance of wave action in increasing 
erosion rates in the Mackenzie River delta. Gill notes that the 
greatest period of undercutting occurs in mid-July when water 
temperatures reach as high as 19°C. At this time of year high 
winds in conjunction with high water temperatures, may cause niche 
penetration of up to 3 to 5 min less than 48 hours. Movements of 
approximately 180 m in 19 years are also noted along one shifting 
channel and are attributed to thermal-erosional processes. Similar 
rates of 10 m/year are also reported in the Colville River area 


by Walker and Arnborg (1963). 


A particular form of periglacial mass movement is assoc- 
iated with features described as cambering and valley bulging, 
Higginbottom and Fookes (1970). Cambering involves the downward 
displacement of strata outcropping on sloping ground and is typically 
shown by the fracturing and tilting of relatively strong rock over 
relatively weak strata which can, in turn, be found to be strongly 
deformed and contorted. True cambering is characterized by dips 
of blocks or horizontal strata towards the valley bottom. Valley 
bulging can be defined as the upward displacement by anticlinal 
folding, faulting, or both in combination, of deformable strata in a 
valley floor, Higginbottom and Fookes (1970), and these authors 


comment that valley bulging is typically associated with cambering. 
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Observations of cambering and the associated valley bulging is 
summarized for sites in Britain by Higginbottom and Fookes (1970), 
for sites in Eastern Europe by Zaruba and Mencl (1969) and a 

case history is reported in Canada by Straw (1966). It is thought 
that cambering is associated either with the creep of frozen soils 


or alternatively with displacements in thawing soils aided by thaw- 


consolidation. 
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Rn 


Soil Type 


Comments 


A RR RR A RR SR A EY eg EE EE 


Williams 
(1965) 


Weeks 
(1969) 


Chandler 
(1970) 


South Devon 


South Central 
England; 
Wiltshire, 
Dorset 


West Kent 


West Kent 
Sevenoaks 
By-pass 


Trialpit 
Ch 317H 


Lower Street 


Quarry Hill 
Vauxhall Lane 
Ditton By-pass 


Bought on 
By-pass 


Tetsworth 


Welling- 
borough 


Isham 


Unsorted "head" of 
gand, silt and 
angular blocks 


Block streams 
overlying sandy 
silty head 


Sarsens overlying 
chalky solifluction 
debris, clayey 

in parts 


Weald clay with 
sand and chert from 
the Hythe Beds 


Solifluction lobes 
rubble in sandy 
silty clayey matrix 


Soliflucted Weald 
Clay 


Soliflucted Weald 
Clay 


Wadhurst clay 
Wadhurst clay 
Gault Clay 


Weathered London 
Clay 


Soliflucted Gault 
Clay 


Slip surface in 
between sandy 
clay and light 
ble clay. 


Sandy clayey silt 
overlying clay 


Residual 
Angle Strength 
Degrees c'r G'r 
(psi) (degrees) 
1 to 6 
6 to 12/2 
avg. 96 
for 10 sites 
1-1/2 to 
2-3/4 
€1 
7 
4 Ot 15 to 
0.2 15.6 
4 0.3 16 
7 0 12.4 
4 0 12.4 
3 0 12.7 
5 0 14 
3-1/2 0 14 
6-3/4 0 23 
4 0 16 


Average movement 
1500 ft 


Sarsens are 3 
tertiary silcrete. 
Depth of movement 
6to 9 ft. Avg 
movement 6,000 to 
13,000 ft. 


Up to 21,000 £t 
movement. 


Lobes 10 to 13 
ft thick. About 
1290 ft movement. 
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CHAPTER IT 


THE LANDSLIDES AND THE ENGINEERING 
GEOLOGY OF THE STUDY AREA 


2.1 Landslide Classification 


Pen Wea Introduction 


The classification of mass movement forms derived for use 
in the Mackenzie River Valley is presented in Fig 2.1. This 
classification concerns itself with landslides in soil and is not 
generally applicable to instability in bedrock. The observations 
made during the course of the field surveys and photographic inter- 
pretation of landslides is presented in Appendix A. It is intended 
that the description of the classification in the following section 


be read before a detailed consideration of Appendix A. 


As the classification seeks to describe in a pictorial 
manner the types of mass movement encountered it is based primarily 
upon morphological evidence. The primary level of classification 
of flow, slide and fall is used in a descriptive sense with none 
of the mechanistic meanings often attributed to these implied. 

This descriptive approach is used in favour of a mechanistic or 
genetic classification as many of the landslides encountered have 
complex origins. And, as it is possible that some mass movement 


mechanisms have not yet been identified, it is desirable to avoid 
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stressing one process at the expense of another. 


The use of the terms flow, slide and fall as three 
distinct types of movement which have a characteristic morphologic 
appearance is the basis for classification systems established in 
geotechnical practice by Varnes (1957) and followed by Skempton and 
Hut chinson (1969). 


The term flow has been chosen for a broad type of move- 
ment that exhibits the characteristics of a viscous fluid in its 
downslope motion. In many instances these movements resemble pure 
£ low as there is no evidence that shear displacements have occurred 
along localized failure planes. In other landslides movements can 
be seen to have occurred partly along pronounced slip surfaces with 
the possibility of the remainder of the displacement distributed 
throughout the moving mass, Mobility is substantial and as it is 
largely distributed throughout the flow, pre-failure relief is rapidly 
destroyed, Flow movements generally continue until reduced gradients 
or obstacles are reached and many flows terminate in swiftly moving 
rivers. This definition parallels the description of flow landslide 


given by Varnes (1957) which is as follows: 


"In flows, the movement within the displaced mass 
is such that the form taken by the moving material 
or the apparent distribution of velocities and 
displacements resembles those of viscous fluids. 
Slip surfaces within the moving mass are usually 
not visible or are short-lived, and the boundary 
between moving and stationary material may be 
sharp or it may be a zone of plastic flow." 


Conversely, landslides exhibiting more coherent displace- 
ments having a greater appearance of rigid body motion are called 
slides. Pre-failure relief remains substantially intact and 
although the total magnitude of movements may be great they appear 


to have accrued over a period of time. 


ee 59 ati vi ae ane2059 200 


sauds es find base sbRS veult anys? a3 Fo oe ad 
sigolorqiom oiteTastoyedo & aan doirtw’ ‘Spembware 20. a! — 
ni boriekidstes emteve 1G ES itieests. mol etesd sid ais 


Bris no sqm? rag bovotlod bas ‘eth eanreV a) saat 2 
ney | 


-svom to qv: baowd £20 Aeeods en eh gol . i. 
#4 HE bivfl evovsivy aia Pci suka 22d ibs oad aa 
oT aidinaass esas vom Seong adomstent) Ay exssen ‘BY mes ler fpawo 
baratose aved 2inemeoetqeib theda deat gonabive: on, @f sao 
mas adneamevam eebsiebasl ssd30, of. ,eanela ark bad basil 
jjiw-asostiwe qife besnyonorg ahaa elataq beaityo20 seen 


bejudsaje le snomaosiqeib ond. +6 sobpt enon ode Ao ve: 
at di 2m bis Saptnadedua’ ei “ail idoM 88 fan sendin 
eibigqen eb Zesisy sxul tsi-stq ¢ ssi aad. suodguaada rem 
sinpkbeag boovbaa Li tou, sitmiinos cilereneg ataonsven a 
oe Play 


ee 
an ivom yidtawe ot staniinis y ewoLd Keren bas beliose 


obaiebnal wold a0 noksqitoesb aris etal tered neta 
rewoliot ee ef dead (sei). a 


asan booalqerb aia) nidaiw 16 
latrsten guivomsty yd sad83 i 
» | Bos asktisoloy to: go daydiaetb 

~ebiud?t auoamly. Bo: 

Ls eaahaiae 938 gee pia 


_betSeoieseinatsan ot Biss 3 pitiaeagds siuennge BR 

poe IyB3ei wiPeinazedue auiaes toioy Saute . 

hoqge voris dass ad qm wzagmevcn Io obusingan f e 
Sa es uce 20. bolseq, a avo. 


47 


Falls simply involve the direct and downward movement 
of detached blocks falling under the immediate influence of gravity 
and under conditions of no resistance to movement once movement is 


initiated, 


It might also be pointed out that in the description 
and discussion that follow the terms landslide, mass-movement, 
slump and slip are used only as general terms and have no role within 


the proposed classification. 


Zeb, E LOWS 


Those landslides considered under the general heading 
of flows can be sub-divided into the categories of skin, bi-modal 
and multiple retrogressive flows. This section consists of a 
general description of the three types of flow landslides identified 
in the study area and described in Appendix A. The term flow is 
also used for landslides outside the periglacial zone. In this 
thesis the term is used for those forms encountered within the 
permafrost zones and while a direct association with frozen 
conditions is not always stated it is implicit in the following 


discussion and in the description of Appendix A. 


os Skin Flows 


Skin flows involve the detachment of a thin veneer of 
vegetation and mineral soil and subsequent movement over a planar 
inclined surface. They are commonly active in long ribbon-like 
forms and may coalesce into broad sheets of onerabi lity. This 
category of flow is very shallow in comparison to its length. While 
skin flows can develop on steep slopes they are common on low angle, 
6° to 9% slopes. Skin flows are found throughout the study area and 
are particularly well-developed in burned-over areas. A summary of 
those flows that have been considered in any detail is presented 
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Shallow movements seated in GLB soils are common along 
the Hume and Hanna Rivers and slope angles from 7° to 11.5° have 
been measured at accessible sites. In this region skin flows 
occur frequently in burned-over areas, As the greater part of the 
field and aerial photographic observations in this and other areas 
were made along the river banks, skin flows have been observed 
predominantly in association with river and forest fire action, “ 
However, skin flows can be found in burned-over scarps abutting 
long-abandoned ox-bow lakes and along the banks of small gullies 
and tributaries. Skin flows are then not necessarily or directly 
associated with river erosion. However, forest fires certainly 


encourage their development. 


Skin flows along the Hanna and Hume Rivers appear 
partly to involve the re-initiation of movements or scarps that 
have, in the past, gone through similar cycles of instability and 
stabilization. Frequent note was made, during a brief reconnaissance 
of the Hume River, of broad sheets of instability on burned-over 
scarps at meander bends. Inspection of pre-burn aerial photography 
Suggests that past instability was common and that the recent 
failures triggered by forest fires are seated in colluvial debris 


rather than undisturbed and intact GLB soils. 


The exposure of burned scarps to incoming solar radiation 

also affects the occurrence of skin flows. Flows along the banks 

of a tributary of the Wrigley River were found on burned-over, 
south-facing slopes while north-facing slopes which had also been 
burned over remained stable, see Plate 2. However, the relative 
inclination of these slopes is also important as instability was 
noted on 14° to 18° slopes while the shallower, 9° to 10°, north- 
facing slopes remained stable. Many skin flows were noted in a 
recently burned-over area on the south bank of the Great Bear 


River during the 1971 aerial reconnaissance. 
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Large ribbon-like skin flows were observed on the steep 
23. tov33° north-facing slopes of the Camsell Range near the Root 
River. At one location some 10 flows have occurred and they appear 
to be seated in colluvium derived from in situ weathering of 
shales. A cross-section through a typical flow has a steep section 
along which movement was initiated and a more shallow run-off 
section ending at a pile of debris. Common with skin flows in 
other areas, marked stripes in the form of changes in vegetation 
cover the slopes in this area and are witness to past movements of 


the same type. 


(ii) Bi-Modal Flows 


The term bi-modal flow is used to describe a form of 
mass movement that has a bi-angular profile and is also intended to 
signify that two distinctly different modes of mass movement can be 
seen within the confines of the flow. Well-developed bi-modal flows 
have a low angle tongue and a steep headscarp. A single flow 
can be divided into three main parts. The flow begins at a roughly 
semi-circular headscarp which serves as the source area for the 
colluvial material in the lobe or tongue, which leads out from the 
source area. This shallow, elongated, lobate tongue in turn ends 


at the third portion of the bi-modal flow, the terminal area. 


The headscarp region can be described as an expanded 
spatulate-like bowl (Capps, 1940), as a semi-circular hollow (Bird, 
1967), as an amphitheatre (Kerfoot, 1969) or as having a character- 
istic horseshoe shape (Washburn, 1947). These headscarps often 
have a smooth but steeply dipping face with inclinations of up to 
40°. The planar scarps are bare of rooted vegetation although 
moss overhangs are common. Ground ice can usually be found 3 
beneath the moss curtains and in very active flows frozen soil is 
directly exposed to the atmosphere. Thin veneers of soils in 


these rapidly melting headscarps flow in pulses down to the break 
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in slope where the lobe begins. On the headscarp, soils undercut 
by melting can collect in pools,and when a certain critical height 
is reached,this aggradation of colluvium then flows downscarp 
carrying clods of intact soil and other debris. Within the same 
scarp, less wet soils can be subject to desiccation and large 
blocks of dried soil may move by gravity fall. In some instances, 
headscarps appear to have failed by the detachment and subsequent 
flow of a significant depth of soil that has thawed in-situ before 
moving downscarp. The form of movement at the headscarp is, there- 
fore, both flow and fall and in only one case has a slide movement 


been noted in an otherwise bi-modal flow. 


The lobes of bi-modal flows can develop on angles as 
low as 3°, and have been found up to 14°, In small bi-modal flows 
the surface of the lobe is often grooved by irregularities in the 
overhanging moss covers as the lobe moves out from beneath the 
headscarp. Active flows have tongues devoid of living vegetation 
and colluvial debris covers a chaotic mass of partly buried 
vegetation derived from the top of the headscarp. Smaller 
lobate features may be formed superimposed on the main lobe and 
small melt-water streams with branching tributaries can also be 
contained within the flow. Although the tongues usually lead 
out at right angles from the source area in the headscarp, curved 
lobes have been noted. The soil contained in the active lobes 
has little or no bearing capacity and large clods of drier soil 
barely float in the moving flow. In some flows the surfaces can 
be found covered with clods of soil intermixed with vegetation 
which, although appearing firm, only cover a very liquid-like 
soil slurry. Often, the lobes can be constrained to flow between 
drier areas or over steeper gradients and in doing so develop 
crevassefeatures and tension gashes reminiscent of ice glaciers. 
Other lobe areas are firmer and while movements appear to be slower, 
evidence of movement can still be found. Thelobe areas may be 


either long and narrow or more short and wide in relation to the 
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size of the headscarp hollow. 


Bi-modal flows often terminate in a pile of colluvial 
material and transported debris which is thrust out into a stream 
or river causing it to detour sharply around the toe. In other 
cases, bi-modal flows can be found perched on top of more resistant 
till or bedrock and here the toe of the flow spills out and over 
the steep frontal scarp. In less active bi-modal flows the frontal 


terminus is eroded away. 


Bi-modal flows usually occur as single features but 


they can be found along a broad front. 


Small bi-modal flows of approximate average dimension, 
of 50 ft long by 20 ft wide, and with lobe angles of from 4° to 10° 
and headscarps of from 5 to 20 ft high are ubiquitous features 
within the study area, They can be found in isolated locations, or 
with increased frequency they have been noted along the bank of 
the Mackenzie River and many tributaries and they can be found 
superimposed with larger, different types of landslides. Vegetation 
overhangs, which will be discussed later, are common in these 
smaller flows. In headscarps less than about 10 ft high they usually 
drape over the entire scarp. When cut away, the moss overhangs 
reveal high ice content soils and thick (up to 6 inch) ice lenses 
can be found in almost any headscarp. Movements within the lobes 
are noticeable with evidence in the way of grooved soil moving out 
from beneath vegetation overhangs and sheared-off branches caught 
in the lobe but attached to firm ground. Access to the headscarp 
is difficult as lobe conditions are very wet and soft. Probing in 
smaller lobes suggests that flow occurs in a thickened active layer 
overlying frozen soil. No samples were taken of frozen soil beneath 
the lobes but a metal rod driven into hard, resistant soil developed 
a resistance to torque confirming the presence of frozen soil. 


Depths to permafrost of from 3 to 4 feet are common. 
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The larger bi-modal flows studied during the course of 
the survey are summarized in Table 2.2 and ace discussed in Appendix 
A. Typical bi-modal flows are shown in Plates 6, 8 and Figs A.15, 
A.16, A.18 and A.21. Larger bi-modal flows are also shown in 
Plates 3; 4 and 5 end Figs A,1l] and A.12, 


(iii) Multiple Retrogressive (MR) Flows 


This sub-classification is required to describe a 
certain form of mass movement which adapts an overall flow form of 
movement but, unlike skin or bi-modal flows, these MR flows retain 
some portion of their pre-failure relief. Contained within the 
landslide bowl are a series of arcuate, concave downslope, ridges 
derived from the headscarp as it receded backwards by a series of 
failures. Although the overall profile of these landslides is 
bi-angular their form suggests that a series of retrogressive 
failures have occurred at the headscarp. These headscarps exhibit, 
in some locations, flow-dominated processes but in others rotational 
slides can be found. It might be argued that this form of landslide, 
for example, the Fort Simpson MR flow, Mile 226, should be classified 
as ''complex'’. Some salient features of MR flows are shown on Plate 
1 and on Figs A.2 and A.3 and MR flows classified in the study area 


are summarized in Table 2.3 


21,3 \olides 


Those landslides considered under the general heading of 
slides can be sub-divided into thecategories of block, multiple 
retrogressive, and rotational slides. The following part of this 
section consists of a general description of the three types of 


landslides identified in the study area and described in Appendix A, 
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(i) Block Slides 


Block slides involve the movement of a large single 
block that has moved out and down with varying degrees of back- 
tilting. The moving mass remains intact and the surface of the 
block BUppOrES upright, living vegetation which is similar to that 


found upslope beyond the slide area. 


Well-developed gullying is associated with block slides. 
Steep-sided, V-notched gullies first develop at right angles to the 
river but do not extend much behind the slide area, Frequent 
extensions to the gullies occur at right angles to the perpendicular 


gullies and run parallel with the river behind the slide block. 


A summary of the block slides studied is presented in 


Table 2.4,and Plate 7 presents a typical example. 


(ii) Multiple Retrogressive (MR) Slides 


MR slides are characterized by a series of arcuate, 
concave towards the toe, blocks that step backwards higher and 
higher towards the headscarp. There can be a degree of backtilting 
or rotational failure of the components but this is usually observed 
only on blocks that have fallen too near the toe. Intense gullying 


can be found in association with MR slides in some areas. 


A summary of the MR slides studied is given in Table 


2.5 and a typical MR slide is shown on Plate 9. 


(iii) Rotational Slides 


Small rotational slumps are frequently found in the 
thawed or unfrozen fluvial deposits of small rivers and they can 
also be noted in the headscarps of MR flows in the southern region 


of the study area, These rotational failures are entirely similar 
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to the classical circular type of failure common in soft clays in 
more temperate regions. This sub-category is useful in both 
describing landslides that exist by themselves as well as describing 


certain components of mass movement within larger landslides 


Diol aw Bb vs 


Fall landslides occur in areas where river erosion 
undercuts frozen banks resulting in a frozen block of soil 
cantilevered out over a thermal-erosion niche, see Sec 1.4. The 


undermined blocks fail in tension and often with an outward OY back- 


ward movement before falling into the river. 


Falls have been observed along the Hume, Hanna and 
Mountain Rivers. They have been noted primarily in recent fluvial 
deposits but indicators of fall movement such as forward-toppled 
trees have been seen in GLB soils. Falls have also been noted in 
isolated instances along the Mackenzie River where fluvial islands 


are being actively eroded. A typical example is shown on Plate 10. 


2.1.5 Conclusions 
(i) Comments on the Classification 


The classification presented seeks to describe any 
given landslide type at the moment of observation. However, as the 
descriptive classification is based only on two main categories, 
slide and flow, distinctions as to type may be difficult and it is 
useful to amplify the proposed classification by considering areas 


of possible overlap. 


Some difficulties arise in discriminating between skin 


and bi-modal flows. For example, the Hanna River Flow, Fig A.21, 
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is classified as being a bi-modal flow but as the difference between 
the headscarp angle and the lobe is minor this landslide might well 
be called a skin flow. Furthermore, it has been observed that 
movements can be re-initiated in the tongues of stabilized bi-modal 
flows. At the moment of initiation these movements would properly 
be called skin flows. However, movements may, in time, sap backwards 
to the headscarp of the old bi-modal flow and at that instant a bi- 


modal flow may be re-initiated. 


It is also possible that bi-modal flows may recede head- 
wards until, by a process of continuous back-sapping, the tongue of 
the flow reaches the upland behind the landslide. When this occurs 
a given bi-modal flow would not have a bi-angular profile. But, as 
the sequence of events leading to its mature form can be re-created 
from the geometry of the flow in relation to its surroundings, it 
is possible to classify the landslide as having been a bi-modal flow. 
Furthermore, the flow described above would not fit well into the 
skin flow classification as movements would not appear to have devel- 
oped as the detachment of a veneer of material over a planar 
surface. An example of this type of flow can be found at Hume River, 
Site HU1, Fig A.22. The mature flow resembles a skin flow, Plate 11, 
but, when viewed in its active stage on older aerial photographs a 


distinct, steep, headscarp is visible. 


Problems have also arisen in assigning certain land- 
slides into either the MR flow or MR slide category. Although 
the retrogressive aspect of these landslides is evident it is often 
difficult to decide on the overall primary category. For example, 
the Fort Simpson Landslide, Mile 226, is classified as being an MR 
flow. The multiple retrogressive aspect of this landslide can be 
seen in the series of arcuate ridges contained within the landslide 
and which, on close inspection, can be seen to be due, in part at 
least, to a series of rotational slides in thawed soil at the 


headscarp. However, the overall appearance of this landslide is 
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one of flow-dominated movements and there is evidence to suggest that 
the arcuate ridges are also partly derived from flow processes. 
Similar difficulties also arise in classifying the Mile 265, MR flow, 
Table 2.3 and the MR slides at Miles 293, 300 and 621, Table 2.5. 
These landslides have been classified based upon which form of 


movement, slide or flow, appears to dominate. 


While it might appear that duplication exists within the 
slide category of movements by the use of block and MR slides in 
addition to rotational slides, this distinction is useful. In some 
block and MR slides rotational components of movement of slumped 
material may sometimes, but not always, be observed while in others 
the slump block may move down as much as 150 to 200 feet with no 
apparent rotational movements. In contrast, those landslides 
classified as rotational slides always exhibit a considerable rota- 
tional component of movement. Anticipating later conclusions, it 
can also be pointed out that while block or MR slides are associated 
with large movements occurring in part through frozen soil, 
rotational slides are used to describe smaller scale mass movements 
apparently seated in unfrozen or thawed ground. The rotational 
slide sub-category is also useful in helping to describe mass move- 
ment types contained within other landslides as at the Fort Simpson 


Landslide, Mile 226. 


Such landslides as the ones at Big Smith Creek, Mile 
471, and Old Fort Point, Mile 480, require close inspection before 
they are classified. These landslides have a marked bi-angular 
profile, Figs A.11 and A.12, Plates 3 and 4, and while they resemble 
a block slide they lack all the typical features. These landslides 
are classified as bi-modal flows for reasons described in detail 
in Appendix A. It is possible that the initial failure of such 
landslides involved slide movements. However, the ongoing 
degradation of these landslides resembles a bi-modal flow and the 


more mature bank profiles in the vicinity have a marked low angle 
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tongue and a steep headscarp area. 


(ii) Comparisons with Reported Phenomenon 


Solifluction as discussed in Sec 1.4 has not been 
studied at all in the study area and the landslides considered under 
the headings of skin and bi-modal flows are not solifluction move- 
ments. However, within the proposed classification of Fig 2.1 
solifluction could enter the classification as the fourth type under 
the flow category. As solifluction is, perhaps, the most commonly 
discussed periglacial mass movement form it is useful at this time 


to make certain distinctions between the flows studied and solifluction. 


A fundamental difference between solifluction and the 
other forms of flow landslides is the marked difference in the rate 
at which movements develop. Solifluction involves the slow down- | 
slope movement of mineral soil and the overlying vegetation mat 
which is stretched, contorted and then re-grows in harmony with down- 
slope motion. On the other hand, skin and bi-modal flows are 
characterized by a violent tearing of the vegetation mat and 
catastrophic movements which result in an entirely different 


appearance. 


Another, more subtle, difference is that solifluction 
can be considered to be the characteristic deformation mode ofmany 
naturally occurring active layers. By specifying naturally occurring 
active layers one seeks to exclude the effects of catastrophic 
events such as forest fires or heavy rains and high temperatures 
which increase the rate and depth of thaw. That is,a natural depth 
of active layer is conceived as being the mean depth under 
seasonally average conditions. If this average slope regime is 
violently disturbed , solifluction either becomes more intense or skin 
and bi-modal flows can be generated. Considered in this fashion, 
solifluction can be suggested to be the equilibrium condition of 
many slopes and other forms of flow landslides evolve from this base 


condition. 
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Landslides identical to skin flows observed in the 
study area have been reported by others both in periglacial areas 
and in the Mackenzie Valley. These landslides have been summarized 
in Table 1.7 and discussed in Sec 1.4, It can be noted that the 
classification of this form of landslide as a flow-dominated movement 
is, however, opposed to the classification presented by Mackay. and 
Mathews (1973) who, following Varnes (1958), classify them as active 


layer glides or slide movements. This difference is one of opinion. 


Bi-modal flows appear to be as common outside the study 
area as they are within it. They have been observed (on aerial 
photography) by the author in the upper reaches of the Hume, Arctic 
Red, Peel and Bonnett Plume Rivers and along the Rat River in the 
Richardson Mountains, They have been noted along Stony Creek, near 
Fort Macpherson, and in gravel pits and highway cuts on the Dempster 
Highway (Strang, 1972). Bi-modal flows have been observed in the 
Canadian Arctic, in the Beaufort Sea and the Mackenzie Delta area , 


as well as in certain areas of Alaska, Table 1.7 


Kerfoot (1969) distinguishes between two types of bi- 
modal flows, that is, mudslumps and mudflows, and in doing so focuses 
attention on a difference also noted in some bi-modal flows in 
the study area. The processes at work in the headscarp of both 
mudslumps and mudflows are essentially similar and create the 
characteristic bi-angular profile. However, in mudslumps there is 
little export of soil particles away from the ablating scarp and 
the hollow excavated by the landslide might be called a thermokarst 
or subsidence feature. It might also be argued that, if there is a 
net export of soil out of the system, this movement is as much mass 
transport by running water as it is mass movement due to landslide 
processes. Mudflows, however, partake of considerable mass movement 
in the tongue portions. While it has been recognized that both 
varients of bi-modal flow might occur within the study area, the 


author has not been able to make the detailed observations required 
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to discriminate as to sub-type. In fact, most bi-modal flows 
observed have well-developed toes thrust out into fast-moving 


rivers indicating that considerable mass movements are involved. 


Bi-modal flows are also called retrogressive-thaw flow 


slides by Hughes et al (1972). 


The fall landslides observed in the study area appear to 
be similar to the forms noted by others and considered in Sec 1.4. 
On the other hand, shear movements in frozen soil have not been 
generally noted in periglacial regions and, in fact, Bird (1967) 


appears to suggest that such movements would not be found, 


2.2 Quaternary Geology 


(i) Glacial History 


The landslides described in the preceeding chapter are 
almost wholly seated in the glacial lake basin, GLB, sediments 
found along the Mackenzie Valley. As the distribution of landslides 
is, therefore, partly controlled by the distribution of these 


quaternary sediments it is of interest to consider their history. 


During the latter stages of the Pleistocene era, it 
appears that Laurentide glacial ice advanced from the north-east 
against the east flanks of the Mackenzie Mountains in the area north 
of Fort Good Hope (Hughes, 1970; and Hughes et al, 1972). When the 
ice lay against the mountain front, large glacial lakes were 
impounded and extensive quantities of coarse and fine-grained soils 


were laid down in these glacial lake basins. 


The Mackenzie River and many, if not all, of its 
tributaries probably occupy the same relative positions today as 
they did during the onset of the Pleistocene era. Today, many of 


these tributaries and predominantly the west bank rivers draining 
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the Mackenzie Mountains are important suppliers of coarse and fine 
sediments into the Mackenzie River. It is reasonable to argue, 
therefore, that during the period beginning with the retreat of the 
ice sheets large quantities of material were available for 
deposition. Continental ice has advancedacross the Mackenzie River 
Valley and against the mountains more than once during the last 


glaciation. 


North of the study area, Hughes (1970) finds ice-marginal 
features such as moraines, ice-marginal channels, and kame terraces 
along the east flank of the Mackenzie Mountains to elevations as 
high as 4,000 ft. Glacial erratics are also found at elevations up 
to 5,000 ft and indicate an older and more extensive Laurentide 
advance. Moraines marking significant late Wisconsin re-advances of 
the Laurentide ice sheet are also found in the area to the north-west 


of Fort Good Hope (Hughes et al, 1972). 


Within the northern part of the study area ice moved 
northwesterly from the Great Bear Lake region. One stream of ice 
moved northward down the Mackenzie River from the Fort Norman region, 
through Norman Wells, stopping near the Hanna River, while another 
advanced northward along the east flank of the Franklin Mountains, 
swinging westward at Fort Good Hope (Mackay and Mathews, 1973). 
Within the southern portion of the study area around Fort Simpson, 
Rutter and Minning (1972) find evidence for two advances of 
continental ice with flow towards the west and north-west. Erratics 
are found up to at least 5,100 ft in the Mackenzie Mountains and it 
is suggested that Laurentide ice advanced over and across these 


mountains. 


At some time contemporary with, or after glaciation of 
the Mackenzie valley, the ice dams north of the study area caused 
the impounding of the river system and the creation of large 
proglacial lakes. Large lakes may also have been formed in 


crustally-depressed basins peripheral to the retreating ice sheet 
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and it may be speculated that the lake basin in the Sans Sault 
Rapids - Fort Good Hope area was partly due to damming behind bedrock 


highs since breached along the Lower Ramparts of the Mackenzie River. 


Evidence for some form of dammed lake exists in the Fort 
Good Hope area and an extensive spill-way system can be found to the 
west of the present, lowland, lake basin (Hughes, 1970; Mackay and 
Mathews, 1973). These spill-ways apparently drained the glacial lake 
and are found at elevations from 800 to 300 ft above sea level. In 
the middle of the study area Hughes (1970) reports strandlines at 
elevation 550 ft near Mile 460 on the west flank of the McConnell 
Range and strandlines have been noted by the author at 550 ft on both 
sides of the valley near Mile 310. Rutter and Minning (1972) note 
that glacial Lake McConnel constructed a prominent beach at about 
850 ft and others at lower elevations in the area around Fort Simpson. 
It is not known if the glacial lakes formed along the Mackenzie 
River were interconnected, if they were an extension of glacial Lake 
McConnell, or if they resulted at different times upstream from 


jocal ice advances. 


Irrespective of their exact origins, glacial lake basin 
sediments have been documented in the study area in three major areas. 
Extensive deposits of GLB silts and clays laid down in the impounded 
lakes are found in the Fort Simpson to Willowlake River area, from 
Keele River to Fort Norman and from Sans Sault Rapids to Fort Good 
Hope. Major rivers such as the Liard, North Nahanni, Redstone, Keele 
and Mountain dischargedvast amounts of fine sediments into these 
lakes and today extensive deposits of GLB silts and clays overlain 
by sands occupy huge areas along the Mackenzie River in the above 
three areas and especially along the lower reaches of the Hume, Hanna, 
Mountain, Little Bear and Great Bear Rivers (Hughes, 1970). When the 
glacial lakes that sustained the growth of these sedimentary sequences 
were finally drained many of the lake deposits were eroded (Rutter 


and Minning, 1972). 
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GLB sediments occur in two topographic settings (Hughes, 
1970). The first area is along the large plains bordering the 
Mackenzie River and the lower regions of major tributaries as noted 
above. In these deposits silt and clay is typically mantled by 
sand. This sequence has been the subject of field study and is 
considered in detail in a later section. The second topographic 
setting has not been considered in any detail within the study 
area and consists of GLB deposits found on the sloping shoulders 
and locally along valley floors of valleys within or near the 


Mackenzie Mountains. 


The typical sedimentary sequence of the GLB soils 
encountered in the study area consists of coarser-grained soils 
grading into clay at depth. The relative proportions of coarse- 
grained sands and gravels over silts and clays change from area to 
area and in some cases rapid changes are apparent. The type 
sequence of sands and gravels over clayey silts over silty clays 
and variations in the relative proportions has many implications 
with regard to the type and distribution of landslides. There are 
no detailed explanations for the exact sequence of events leading 


to the observed present-day conditions. 


(ii) Landslide Occurrence 


The forms of mass movement noted in the Mackenzie River 
Valley are almost entirely seated in GLB sediments or in colluvial 
slopes derived from GLB sediments. Areas of active flow or slide 
movements in the study area usually coincide with terrain units that 
have been mapped as glacial lake basin, GLB, soils by the Geologic 
Survey of Canada. However, this coincidence is, in part, negated by 
the fact that landslide activity is one of the indicators used in 
mapping GLB soils. As the properties of these GLB soils will be 
considered in later sections, this section will dwell on the 
occurrence of landslides in other materials which will not be 


considered in any further detail. 
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Continental till is the dominant surficial till in 
the southern portion of the study area (Rutter and Minning, 1972). 
Landslides have been noted in till on the north bank of the 
Mackenzie near Fort Simpson and two large failures can be found at 
Miles 340 and 345, Fig A.5. These failures can be classified as 
MR slides. Further north, till is common along both banks of the 
Mackenzie from Wrigley and to the confluence of the Redstone and 
the Mackenzie Rivers at Mile 440. In this reach the Mackenzie River 
flows in a single channel of fairly regular width with little sign 
of bank instability. Till and rock outcrops are common and the 
only instability noted was a series of inactive MR slides seated in 
till immediately opposite the Johnston River, Mile 394. Below 
Mile 440, instability increases along the banks and by Mile 455 and 
to Mile 470 massive instability is associated with GLB sediments 
underlain by till. Till complicates any understanding of the 
morphology of landslides in this reach. Till has also been noted 
in the area around Mile 500 and in isolated outcrops near Mile 625. 
These areas have not been considered in any detail and no landslides 
appear to be associated with them. Skin flows have been found in 
what appears to be till or till-derived colluvium in a recently 


burned area near the Wrigley River, Table 2.1. 


Falls and rotational slides can be found in recent 


fluvial deposits and they have been studied primarily along the 
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Mountain, Hume and Hanna Rivers. Falls are found where frozen fluvial 


sediments are being thermally and physically eroded. They are 
particularly active in the lower reaches of the Mountain River. It 
is reasonable to suggest that similar processes might be encountered 
in the banks of other highly-braided gravel-bed rivers such as the 
Keele, Redstone, Dahadinni, Root and North Nahanni Rivers. Falls 


have also been noted in the frozen sands found in some sections of 


the recent fluvial deposits of the Hanna and Hume Rivers, but in other 


reaches small rotational slides are common. These slides are 


seated in unfrozen silts and clayey silts and have been described 
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elsewhere. They have only been observed in passing but they are 
often to be associated with finer-grained flood plain soils laid 


down in old ox-bow lakes. 


Instability forms in Cretaceous and Devonian Sediments 
have been observed in some parts of the study area, Particularly 
interesting landslides are seated in Cretaceous sediments adjacent 
to the Mountain River between Virgin and Campsite Creeks, Fig A.17. 
None of the bedrock landslides have been studied or commented on in 


this thesis. 


Well-developed skin flows can be found in weathered 
Devonian Shales along the steep mountain slopes bordering the Root 


River, Fig A.5. 


2.3 Permafrost Conditions 
2.3.1 General Observations 


The definitions and usage of permafrost terminology 
followed in this thesis follow that established by Brown (1967) and 


will not be considered in any detail. 


The study area is located entirely within the widespread 
permafrost region of the discontinuous zone as mapped by Brown 
(1970). Permafrost conditions inferred from the presence of ground 
ice have been noted in all sections of the study area. Apart from 
the Hume and Mountain River sites, discussed in detail elsewhere 
and in which permafrost is approximately 160 and 155 ft thick, 
information on the depth of permafrost is scanty. Near Fort Simpson, 
permafrost can be at least 70 ft thick as an almost vertical exposure 
of frozen ground was found in the Fort Simpson Landslide, Mile 226. 
Permafrost thicknesses of 150 - 200 ft are measured in the Norman 
Wells area (Brown, 1970) and data provided by Scott (1972) suggests 


some 150 ft in the GLB sediments of the Sans Sault Rapids area. North 
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of the study area Brown (1970) notes permafrost thicknesses to 


greater than 300 ft in the Inuvik area. 


Many distinctive features occur on the ground surface 
in the permafrost region which are characteristic of underlying 
conditions. The best developed features noted within the study 
area which attest to both frozen ground conditions and high ice 
content soils are associated with the thawing of permafrost. Such 
indicators of frozen ground conditions as pingos, polygonal ground, 
circles, mounds and steps (see Brown, 1970), caused by freezing 
or freeze-thaw processes have not been observed within the study 


area, 


The most prominent feature associated with the thawing 
of permafrost soils within the study area are the thaw lakes or 
thermokarst topography found on top of the glacial lake basin 
plains. Thermokarst is a term used for uneven land subsidence 
caused by the melting of ground ice (Brown, 1970) and resulting 
in the formation of irregularly-shaped and variably-sized thaw lakes 
which pit the surface of ice-rich soil. These lakes are common 
within the study area and where they have been drained by the 
encroaching bank erosion of streams incised into the GLB plains, the 
lakes appear as hollow depressions of relatively uniform width but 
shallow depth. It is generally accepted that permafrost is absent 


under the larger thermokarst lakes. 


Flow landslides are also indicators of frozen ground 
conditions and a definite association has been noted, during the 
survey, of ice-rich soils in conjunction with bi-modal and MR flows. 
Comments by Hughes et al (1972) on mass movements in the same 
general region also suggest that the development of detachment slides 
followed by retrogressive-thaw flow slides are associated with 


frozen ground conditions and high ice content soils. 
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Permafrost conditions are also indicated in some areas 
by the surficial drainage patterns that can develop. All surface 
water derived from rain or melt must flow overland in a thin surface 
zone. On the gentle slopes, above the tree line or in areas of 
scrub brush and stunted spruce, one can frequently observe the 
development of a striped terrain unit. These stripes are alternating 
units of different types of vegetation with the thicker and more 
prominent growth apparently established where run-off flow is 
concentrated and where the active layer is consequently greater. 

In areas around Norman Wells one can find single lines of spruce 
established in small drainage-ways with the slightly raised highland 


either side devoid of larger vegetation. 


2.3.2 Ground Ice Conditions 


Ground ice has been found in association with active 
landslides in all parts of the study area. Its presence has been 
confirmed by visual sightings and, in some instances, by reasonable 


inference. 


Before proceeding to a description of the ground ice 
forms encountered and which are detailed in Appendix AP¥LELIS 
useful to consider some aspects of the problems involved in classi- 
fying ground ice. There is no standard, international terminology 
for the varieties of subsurface ice and no descriptive or geometric 
classifications have been accepted universally. A number of 
genetic classifications have been proposed but, as the genesis of 
certain forms of ground ice are still open to question, these 


classifications are, in part, premature. 


The classification used in describing the ground ice 
forms encountered follows from one given by Mackay (1972). Ground 
ice in the thermal contraction, tension rupture and segregated ice 
categories have been noted. The use of the term segregated ice 
requires some clarification with respect to the sense in which it is 


used in describing the ground ice encountered. Mackay (1972) uses 
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the terms segregated ice and injection ice in a genetic classification 
to discriminate between two different origins for ground ice. 
Segregation ice results from in-situ freezing of water attracted to 

a freezing front while injection ice is caused by the intrusion of 
water under pressure and results in the formation of sill ice and 
pingo ice (Mackay, 1972). Sill ice grows when water is intruded 

and freezes into a tabular mass while pingo ice is water intruded 

and which, on freezing, forms @ dome or hydrolaccolith. On the 

other hand, segregational ice can also cause the formation of thin, 
tabular, lenses of ice of varying thickness. The well-known 
closely-spaced rhymthmically-banded ice often referred to as ice 
gneiss or sirloin ice, the massive ice lenses noted in the Mackenzie 
Delta, and the latticed, renticular ice structures observed in this 
study, all may be attributed to segregational processes, There can 
be, however, gradual transitions from injection ice to segregational 
ice- Shumskii (1964, p. 228) and Mackay (1971 and 1972) observe 

that it is often difficult or impossible to determine whether a 
particular body of ice grew in response to ice injection or segrega- 


tion processes. 


In order to describe certain ground ice features 
encountered in the field a segregation ice category will be used, 
but in a descriptive sense only. Ice wedges have been found in 
chance exposures from Mile 473 north, seated in both recent fluvial 
sediments in the flood plains of tributary rivers and along the 
Mackenzie River. Ice wedges have also been found in the sandy top 
member of the GLB sequence. They have not been studied in any 
detail and were noted primarily as indicators of permafrost conditions. 


A summary of their observed occurrence is given in Table 2.6, 


Segregated ice has been found in GLB soils in all parts 
of the study area. Thick ice lenses are usually associated with 
the more silty facies of the GLB sequence and ice lenses of at least 


10 inches in thickness have been found. The silty-clay or clay 
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soils usually contain thinner lenses and are, characteristically, 
laced with a three-dimensional lattice of predominantly sub- 
horizontal and sub-vertical ice veinlets which will be called lattice 


ice. 


The detailed description of the types of ground ice 
encountered is given in Appendix A for the general observations made 


during the 1972 survey and during the 1973 winter drilling programme. 


2.3.3 Permafrost Conditions at Block and MR Slides 


Both block and MR slides are found in GLB soils and, 
while isolated MR slides have been noted in till, they have not been 
investigated. Block slides are common where glacial-lake deltaic 
fine sands, silts and gravels are found overlying GLB silty clays in 
areas such as near Camsell Bend, around Fort Norman and below Sans 
Sault Rapids. The dominant stratigraphy is sand and interbedded 
clayey silts and sands overlying a silty clay. The stratigraphy in 
MR slides is similar although the interbedded silts are less 
noticeable. A highly plastic silty clay has always been found at or 
near river level in the vicinity of all block and MR slides. All 
members of this sequence have been found in a frozen condition and 
the various observations made on ground ice conditions in conjunction 


are detailed in Appendix A. 


Within the study area, permafrost depths are variable 
but a figure of up to 160 ft is characteristic of the terrain type 
found in association with slide movements. Now, as slide movements 
are found in banks ranging in height from 120 to 240 ft and as 
permafrost will extend well towards the river bank (see Mackay and 
Mathews, 1973) permafrost will be found in a significant portion of 
a bank cross-section. Therefore, the possibility exists that if a 
deep-seated failure ext ending well back into the GLB upland is found 


that this failure has occurred through frozen soil. If the bank 
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heights are low, say at the minimum of around 100 ft and permafrost 
is thick to around 160 ft, then relatively more failure is assoc- 
iated with frozen ground than for high, 240 ft, banks with only 120 
ft of permafrost. For higher banks and thinner permafrost, failure 
will then be seated in frozen sands and silts bottoming out in 
unfrozen clay or silts depending on the relative proportions of the 
soil stratigraphy. However, for lower banks with clay at river 
level, the assumption of failure through frozen sands over unfrozen 
clay is also reasonable due to a combination of circumstances. 

Near river level permafrost temperatures will be approaching Gac 
and the clay will contain large quantities of unfrozen water. For 
these conditions it might be speculated that the pore water phase 
is continuous and that modified effective stress parameters might 
govern shear strength so that from a strength point of view the clay 
will react as if it is unfrozen. Thus, for most combinations of 
bank heights , soil stratigraphy and permafrost conditions, block 
and MR slides can be characterized as involving failure through 


frozen sands and silts underlain by unfrozen clays. 


As there is no evidence in the way of instrumented 
borings that confirms that the slide masses found in block and MR 
slides are frozen,it is useful to summarize the circumstantial 
evidence. The remnants of a large block slide near Mile 655 which 
had moved to near river level revealed large ice wedg@and frozen 
sand in recently exposed river cuts and indicates that at least the 
top portion of the block was frozen. Permafrost depths in this 
reach are not known but some 15 miles inland, drilling at the Hume 
River revealed at least 160 ft of permafrost although the soil 
stratigraphy was different. As the bank heights at Mile 655 are 
around 200 ft it is expected that a significant proportion of the 
pre-failure bank cross-section was frozen. At the Mountain River MR 
slide, drilling about 400 ft behind the headscarp found some 155 ft 
of permafrost in a bank 220 ft high. Visual sightings of massive 


ground ice along the toe area of the Mountain River slide were made 
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in recently cut sections of a slide mass which had come down from 
an indeterminate height confirm that some portions of the blocks are 


frozen. 


Other corroberative evidence is summarized in Appendix A 
and it can be noted that the bi-modal flows that develop along the 
toes of some MR slides and the rapid changes of dip of generally 
flat-lying varves along the faces of some block slides suggest 


the presence of melting ground ice and thus to permafrost conditions. 


A strong argument for frozen conditions in the slide mass 
can also be made by considering the vegetation patterns in and 
adjacent to slide areas. As pointed out by Mackay and Mathews (1973), 
permafrost can be considered to begin beneath the upland Pegees tron 
of spruce found bordering the top of most high and unstable river 
banks in the study area, The permafrost table may be bent slightly 
inwards underneath the bank in response to thermal disturbance along 
the pre-failure bank face. Now, it can be observed that the failure 
of block and MR slides extend backwards up to 500 - 700 ft behind the 
tree line as inspection of slide masses indicates that they are 
covered over with spruce covers in all respects identical to the 
stands in undisturbed terrain. While it is necessary to infer the 
presence of permafrost beneath this undisturbed terrain,in some 
regions the results of the winter drilling programme supplemented 
by observation by Scott (1972) confirms that permafrost appears to 
be generally present. For example, at the Mountain River site 155 
ft of permafrost was found behind the slide area. At this site 
the slide masses are covered over with spruce, either similar to or 
denser than the upland cover and the inference that the slide 
masses are partly frozen has been confirmed by visual sightings of 


ground ice along the toe portion of the slides. 


The thermal influence of the river and the degree of 
thermal disturbance along the bank will determine the amount of 


inward bending of the O0°C isotherm from a pivot point at the tree 
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line, Fig 2.3. This problem can be considered by way of a simple 
steady state model. The mean annual temperature of the Mackenzie 
River calculation from data in Gill (1971) is +4°C in the delta 
region and Mackay and Mathews (1973) also suggest a value of +4°C., 
Along the upland beneath the spruce cover the mean annual soil 
surface temperature (MASST) can be deduced from the extrapolation 
of the in-situ ground temperatures below the level of zero annual 
change until they reach ground surface. Using data obtained by 
Scott (1972) in the Sans Sault Rapids area MASST values of from 

-2.3 to -2.5°C are obtained and these compare favourable with MASST 
values of -3.0°C assumed by Mackay and Mathews (1973). Thus, for 
steady state conditions the 0°C isotherm will be found more or less 
equidistant from these two surfaces until it bottoms out at what- 
ever the permafrost depth is commensurate with the MASST and geo- 
thermal gradient away from the thermally disturbed area (see also 
Mackay and Mathews, 1973, Fig 8). It might also be pointed out that 
a more detailed analysis of this problem is not warranted because of 
the uncertainties involved in knowing MASST values for the sloping 


bank which might be expected to range from at least -2 to +2°C., 


2.4 Geotechnical Considerations 
(i) Index Properties 


As the exploration of the study area progressed it 
became evident that the majority of the landslide forms encountered 
were seated in a silty clay soil either in natural or colluvial 
deposits. Samples of silty clay collected from all areas during the 
summer survey are presented in Table B.1, Appendix B, and are coded 
according to the place names as shown, The relatively high 
percentage of illite and the low percentage of montmorillonite in 


the clay fraction is noteworthy. 
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Samples were also obtained during the winter drilling 
programme and borehole logs are given in Figs B.1 to B.4. Samples 
taken during the drilling programme are coded according to hole 
number and depth, such as HU1-2-55.0, where the 55.0 refers to the 


depth below ground surface. 


Field water contents and ice contents expressed as a water 
content are given in Table B.2 in borehole logs, Figs B.1 to B.4, 
and plotted against depth and compared to the plastic and liquid 


limits for the Mountain and Hume River sites in Figs B.5 to B.8. 


The relative position of the various samples are shown 
on a plasticity chart, Fig B.9 and the figure showing the relationship 
between plasticity index and % clay is given in Fig B.10. Information 
on grain size distribution is given in Figs B.11 to B.13, and in 


Fable BB £3 


(ii) Geotechnical Testing 


As the predominant clay mineral of the Mackenzie Valley 
clays encountered is illite, it can be expected that the effective 
stress residual strength parameters (c'y, 6',) will be high. A 
series of direct shear tests on normally consolidated remoulded 
Mountain River Blue Clay indicated the peak parameters to be c' = 1 psi, 
g' = 26.5°, and the residual parameters to be c'y = 0, #'; = 23° for 
samples tested at normal effective stresses from 8.0 to 40.0 psi 
(Roggensack, 1972)*, The residual value of Oe = 23° is in good 


agreement with published values for illite. 


Void ratio versus effective stress and void ratio versus 
permeability relationship were obtained for a sample of clayey, silty 
sand taken from beneath the permafrost at the Mountain River site and 


are presented in Fig B.14, 


*Personal communication 
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Strength tests were also conducted on frozen samples 


but the results of this testing are presented elsewhere. 


(iii) Piezometric Observations 


During the survey a series of field tests were made at 
selected sites using 2 types of portable piezometers. The first 
was designed for use in the survey and consisted of a pressure 
transducer mounted in a tapered, self-sealing housing. The second 


used an open standpipe attached to a porous tip. 


The piezometers were designed to be gently pushed into 
position and to be withdrawn on the completion of the test. As the 
absolute magnitudes of the pore pressures measured were small and 
as the sites were easily disturbed special care was required to 
ensure that little disturbance was caused before and during the 
tests. Since the purpose of the tests was to investigate the total 
pore water pressure above a thaw interface and to investigate the 


relative proportion of hydrostatic to excess pore pressure it was 


necessary to know the position of the water table. Although surface 


conditions were very wet in the two sites where measurements were 
made, tests were conducted in those areas where small surface pools 


of water could be found in order to accurately define all boundary 


conditions. The results of all field tests are presented in Fig 2.2. 


The first series of tests were conducted in a silt run 


at the Fort Norman Landslide, Fig A.15. Tests Pl and P3 were made 


using the transducer piezometer beneath free-standing water collected 


LS 


in two small ponds in the middle of the silt run while test P2 was made 


at the edge of the silt run. Tests Pl, P2 and P3 were made on June 
17, 1972, and further tests, P4 and Gl, were conducted on June 23, 
1972, The results of the piezometer measurements are presented in 
Fig 2.2. It can be seen that excess pore pressures were measured 


in tests Pl, P3, P4 and G4. Hydrostatic conditions for the water 
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contents measured, Table B.2, should result in ry values of about 


0.51 where 


u ee 


% 


c = Pw 
2 


where Pw is the total pore pressure and 


@z is the total stress 


The r, values measured, or inferred, for the geonor open tip test 
where a minimum value was measured, are considerably in excess of 


the hydrostatic condition of r, = 0.51. 


Placement of the piezometer was exceptionally easy in 
tests Pl, P3, P4 and Gl and a slight upwards force was required to 
ensure slow placement as the assembled piezometer and attached rods 
sank easily under their own weight. On the other hand, considerable 
thrust was required to place test P2 and the relatively firmer soil 
conditions are indicated by the lower ry measurement. The higher 
’ pore pressures measured in the initial stages of test P2 are likely 
caused by disturbance due to the placement operation. Tests Pl and 
P3 were extended to one and two hours duration in order to confirm 


that equilibrium conditions had been established. 


After each test permafrost conditions were checked by 
probing in the hole vacated by the piezometer. In all instances, 
frozen soil was encountered and the depth of the active layer in 
the silt run varied from 1.65 to 3.1 ft. In holes Pl and P4, the 
soil stratigraphy was inspected by the simply expedient of hand y 
probing. On probing, the low effective ree conditions were 
apparent and little resistance to penetration was met over the 
entire depth although large chunks of hard soil could be felt 
contained within a matrix of softer soil. At the end of the probe a 
remarkably flat,smooth surface, the thaw interface, was reached. This 


surface was hard and cold and although no samples were obtained it 
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was quite definitely the base of the active layer within the silt run. 


One test, Hl, was made in a bi-modal flow along the 
Hanna River, Fig A.21, and the significant details of the test are 
given in Fig 2.2. This test was also made beneath free water in a 
small surface depression. After the test, hand probing confirmed 


that the piezometer tip had been placed above the thaw interface. 


Pore pressures were also measured in the lobe of a bi- 
modal flow at Mile 462. Pore pressure conditions in this lobe were 
near hydrost:atic as an Cy value of 0.61 measured is not greatly 
different from a hydrostatic value of 0.54 based on measured water 


contents, Table B.2. 


2.5 Observations on Terrain Disturbance 


Zeek  RLVEL fee LON 


As the landslide survey concerned itself with mass move- 
ments associated with the Mackenzie River and its tributary waters 
and as the greater portion of field work was conducted by a river- 
based operation it is only natural that considerable note should be 
made of the importance of river action in promoting landslide 
activity. However, unlike landslide activity associated with river 
action in more temperate climates the importance of river action 


may be as much one of thermal influence as physical erosion. 


A primary cause of instability in some reaches of the 
Mackenzie stems, in part, from the presence of highly-braided gravel- 
bed tributaries that drain the east flanks of the Mackenzie Mountains 
and flow into the Mackenzie River. Rivers such as the Liard, North 
Nahanni, Root, Redstone, Dahadinni, Keele and Mountain appear to 
be important suppliers of coarse and fine sediment to the Mackenzie 
River. The importance of these rivers, historically, in partly 
determining the location of GLB basins has been discussed in the 


preceding section 
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Today, these rivers, flowing on generally steep, 
longitudinal slopes, dump large amounts of sediment into the 
Mackenzie which is unable to transport the imposed bedload. The 
Mackenzie River, in turn, deposits these imposed bedloads in the 
form of islands around which it must pass... ihis form of river 
morphology is particularly evident downstream from the North 
Nahanni and the Root; the Dahadinni, Redstone and the Keele; and 
the Mountain Rivers where the Mackenzie is characterized by sinuous 
channels and many islands formed from recent fluvial deposits. 
There is channel splitting around sand bars and wooded islands and 


where the river is actively eroding GLB deposits landslides occur. 


It also appears, however, that the formation of islands 
and their influence on lateral channel shifting while being a 
necessary is not sufficient condition for instability. For example, 
from Wrigley at Mile 355 to the Dahadinni River at Mile 417, the 
Mackenzie River flows in a single channel of fairly regular width 
with little sign of lateral shifting or bank instability. There are 
few is lands and a well-defined trim line appears to demarcate the 
average annual flood level. Below the Dahadinni and to the Redstone 
River at Mile 433, the Mackenzie also flows in a relatively straight 
reach with little landslide activity along river banks although 
there are frequent sand bars and small islands. It can be seen 
that conditions downstream from the Dahadinni River should favour 
landslide activity as it is a braided gravel-bed stream and many 
islands are contained in the Mackenzie River downstream from this 
confluence. The banks, however, are seated in tills and bedrock 
with the result that instability is generally absent as it is from 
Wrigley to the Dahadinni where banks appear to be either till or 
bedrock. Downstream from the Redstone and particularly below the 
Keele River there is a marked increase in landslide activity along 
the east bank where the Mackenzie is actively eroding GLB deposits. 


Therefore, the widening of the river channel below the Keele River 
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is as much a consequence of bank stratigraphy as it is of river action 
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and the deposition of fluvial islands. 


However, it is generally true that there is a marked 
association with landslide activity and channel splitting down- 


stream from braided gravel-bed tributaries of the Mackenzie River. 


An interesting phenomenon is also observed along the 
Mackenzie River below the confluence with the Keele River. As can 


be seen in Fig A.8, the Mackenzie River increases its width from 


one mile to about 5 to 6 miles in this reach and massive instability 


is found along the east bank, Figs A.9 and A.10. However, 
instability is completely absent along the low-lying west banks 
seated in apparently easily erodible, recent, fluvial sediments. 
It might be suggested that the Mackenzie River is being caused to 
erode against the east bank by active orogeny in the Mackenzie 


Mountains tilting the river towards the east. 


The consequences of active river erosion on the 
distribution of flow landslides is particularly evident along the 
Hanna and Hume Rivers. Both the Hanna and the Hume flow in a 
U-shaped channel meandering in a flood plain entrenched some 50 to 
75 ft into a glacial lake basin. As the rivers meander in their 
entrenched channels the bends of the river come in contact with, 
and erode, GLB scarps. The greater percentage of active bends 
abut this upland while the straighter reaches are cut through 
recent fluvial deposits. Skin and bi-modal flows can be found 
seated in the GLB soils at active bends and recent flows cause 
the rivers to detour around the toes or terminal portions of the 
flows. This rapid change in direction results in active erosion 
of the fluvial deposits always found opposite flows in the GLB 
upland and this erosion results in the development of falls and 
rotational slides in the fluvial soils. It can also be noted that 
rotational slides can also be found in the straighter reaches 
between bends and these likely occur in response to rapid drawdown 


conditions caused by changing levels in the Mackenzie River. Their 
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proximity to the river and evident rotational aspect suggests that 


these slides are not associated with frozen ground. 


2.5.2 Knobby Terrain 


Old GLB scarps, long-abandoned by shifting river channels 
or by further entrenchment of the river system, can in some areas 
develop a characteristic knobby appearance. This feature has been 
noted in banks opposite the Ochre River, along the Great Bear River 
and the Mountain River and near Mile 653. It is not clear if the 
knobby terrain along these banks results from erosional features, 
shallow mass movements or if it is the modified remnants of old 


MR slides. 


2.5.3 Boulder Pavements 


Along many reaches of the Mackenzie River well-developed 
boulder concentrations pave the banks up to the trim line. These 
boulder pavements apparently result from some form of ice shove 
mechanism and it is considered unlikely that they could have been 
formed by water action alone. Although the boulder pavements are 
commonly found along till banks which appear to be inherently more 
stable by themselves no landslides have been found in boulder- 
paved reaches. It is possible, therefore, that they may have a 


"rip-rap" or stabilizing effect on river banks. 


2.5.4 The Influence of Vegetation and Forest Fires 


The frequency and extent of flow landslides in areas 
recently burned-over by forest fires is striking. The role of 
the forest fire in promoting landslide activity has been noted 
along the Hume and Hanna Rivers, along the south bank of the 


Great Bear River, on an unidentified tributary to the Wrigley River 
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and in frequent locations along the Mackenzie River. Evidently an 
important aspect of forest fires is their influence on the energy 
budget and it is generally known that one effect of forest fires or 
artificial removal of surface cover is a thickening of this active 
layer. As no direct observations have been made of this effect 
further discussion will be left until a later chapter. Another role 
of forest fires is to drastically alter certain critical mechanical 
properties of the organic surface covers found throughout the study 


area, 


Vegetation cover plays an important role in the develop- 
ment of bi-modal flows. In bi-modal flows that have developed in 
unburnt areas an organic vegetation cover is frequently found 
draped over the head and side scarps. These curtains have never 
been noted over about 10 ft in depth of hang and under these covers 
of moss, lichen and roots one usually can find a void filled with 
dank, musty air. Upon cutting into these overhanging covers frozen 
ice-rich soils are always found. Under these insulative configur- 
ations the vegetation covers may significantly retard the melting 
and, therefore, the headward movement of an active bi-modal flow. 
However, as natural covers apparently cannot exceed about a 10 ft 
depth, this process is only effective in slowing or stopping 
shallower bi-modal flows. Or, it will stop a bigger flow only 
when the headscarp approaches a height of 10 ft, all else being 


equal, 


One influence of forest fires is the possible effect 
on this natural stabilizing process. It has been observed that 
forest fires cause a desiccation of the surface mat which becomes 
brittle upon partial burning. For example, frequent cracks were 
seen in the burned moss covers above the headscarp of the Hanna 
Island Landslide, Fig A.18, and in the burned-over terrain along 
the Hanna River. When the surface covers lose their natural 


resilience on being burnt and desiccated, moss curtains cannot 
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develop. In fact, no vegetation curtains have been observed in 
any flows with extensively burned up-scarp conditions. It is 
suggested, therefore, that small bi-modal flows may more easily 
progress into larger flows if fire has destroyed the efficiency of 


a natural stabilizing mechanism. 


2.5.5 Gully Formation 


Frequent note has been made of the strong association 
between gully formation and landslides seated in GLB sediments. 
Although it is far from clear if gullying has any influence on 


landslide occurrence certain features may be noted. 


Gullying is marked in association with the block slides 
at Fort Norman, Miles 513 to 515 and below Sans Sault Rapids, at 
Miles 648 to 654. It appears that post-slide conditions enhance 
gully action as easily erodible thawed sands and silts are exposed 
in the slide mass and adjacent to it. It is possible that gully 
action picks out the initial geometry of failure. A detailed 
description of the gullying near Fort Norman is given in Appendix 
A. In these block slides, silty clay was found close to river 
level and other exposures along this reach suggest that the sand- 
silt varve sequence extends close to river level. The gullying in 
this reach is incised almost to river level and they are likely 
seated in the silty clay found at river level. Therefore, deep- 
seated gullying is a possible indicator of thick sand and silty 


sand sequences within a GLB sequence. 


Support for this conclusion exists in the bi-modal flows 
found downstream from the Keele River. For example, at the Old Fort 
Point Landslide, the clayey-silt member of the GLB sequence extends 
to within 40 ft of the top of a 250 ft high bank and this strati- 
graphy is common in this reach. Although gullies are common in 


this area none are deep-seated and the more recent ones generally 
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appear to perch on top of the finer-grained soils. A small gully 
can be seen on the downstream side of the Old Fort Point Landslide, 
Plate 4, and it extends behind this landslide at a level approx- 


imately equivalent with the base of the sand. 


A different form of gullying of the type outlined above 
is common in the Keele River area and has also been noted between 
Fort Simpson and Camsell Bend. As already observed,these gullies 
are never deep-seated but are actually perched in relation to the 
landslide movements adjacent to them. Consider the gully visible 
on the downstream side of the Old Fort Point Landslide, Plate 4, 
and considered schematically in Fig 2.4. The bottom of this 
gully is higher than the top of the bowl of the Old Fort Point 
Landslide and is separated from it by a thin ridge of apparently 
stable soil. Similar gullies can also be seen in the aerial 
photographs of this reach. A somewhat similar gully can be found 
adjacent to the west scarp of the Fort Simpson Landslide, Fig A.3, 
Although the gully is seated at a slightly lower elevation than 
the bowl of the landslide it is separated from the bowl by a high 
ridge of stable soil. Identical gullies to that found at the 
Fort Simpson Site also are found either side of the Cameron Point 
Landslide, Mile 265. A comparison of the 1961 aerial photography 
which shows this MR flow with the 1944 coverage with no landslides, 
indicates that failure occurred between but not including the two 


gullies. 


This form of gullying, as outlined in Fig 2.4; is found 
in conjunction with either bi-modal or MR flows. We have 
established that these landslides are associated with the rapid 
melting of ice-rich soil. However, it appears that the formation 
of a gully results in the slow thaw and stabilization of the 
permafrost beneath and adjacent to the gully. The gully forms 
before the landslide develops and forms a plug of thawed, stabilized 


soil which is not affected by the latter, adjacent flow landslide. 
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It does not appear that the gullies actively encourage flow land- 
slides but their presence points out the stabilizing effect of the 
slow thaw of permafrost in contrast to the catastrophic effects 


of adjacent rapid melting. 


2.5.6 Climatic Change 


The possible importance of climatic change and its 
influence on ground thermal regime should be considered briefly 
as long term changes in ground temperatures and permafrost depths 
could influence landslide occurrence. Judge (1973) has reviewed 
the evidence of climatic change in both Canada and Alaska and 
notes that an average warming of 2 to 4°C has occurred in some 
parts of Alaska over the last 100 years. He also notes that some 
2.2°C warming of the ground may have occurred at Fort Providence, 
N.W.T., over the last 75 years although this may be due to 
artificial causes. Judge also notes that a general warming trend 
has occurred over the past few hundred years since the Little 
Ice Age of the seventeenth century. These changes in temperature 
could prove to have significant effects as it is evident that a 
long-term change of 1°C in the mean annual surface temperature 
would result in a change of the depth of permafrost of at least 
DU) = 7) BCs 
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TABLE 2.2 BI-MODAL FLOW PROFILES 


Name, Lobe Angle Headscarp Length Area Comments & 
Location (degrees) Angles (feet) (Square Feet) Aerial Photographs 
Mile 207 to 219 7 to 10 steep Frequent flows along the 
south bank in silty clay. 
Mile 218 7 Rotational failure of head- 
scarp in sandy loam over 
silty clay 
Wrigley Flow, 3 steep 3500 10° Lobe angles measured at 

Mile 350 4, 4-1/2 degrees. 

A17496-64. 
Big Smith Creek, 

Mile 471 9 31 600 Bank 190 ft. 50 ft sand 
over clayey silt to silty- 
clay et river level. 
A17496-189. 

Ice Buttress, 9 steep Massive cantilevered block 

Mile 473 of frozen sand, 25 ft deep 
with a 20 ft extension 
exposed at the top of the 
headscarp. 

Old Fort Point, 14 38 600 Bank 250 ft, 40 £t sand 

Mile 480 over clayey-silt to silty- 
clay at river level. 
A17496-185. 

Fort Norman, 3 36 800 4x 10° Bank 130 ft. 20 ft sand 

Mile 517 over silty-clay. 
A17496-174. 

Little Norman, 6 40 300 9x 10° Bank 80 ft. 70 ft sand 

Mile 518 over silty-clay at river 
level. 

A17496-173. 

Mile 550 7 to 8 steep Lobes begin at trim line. 
A17496-165. 

Hanna Island, 6 to7 40 400 4x 10" Bank 60 ft. Veneer of sand 

Mile 635 over silty-clay. 

Hanna River 6 12 200 4 x 10° 
5.5 steep 
6 17 
Mile 642 13 28 Small flows at 6.5 to 7.5 
degrees within tongue of 
flow. 
Mountain River 5 steep 3500 108 Dimension estimated off 


aerial photography. Flow 
perched on bedrock, 
A12607-133 
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Fig 2.1 Landslide Classification 
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Fig 2.4 Typical gully formation adjacent to flow landslides 
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CHAPTER III 


THAW - DOMINATED MASS MOVEMENTS 


3.1 Introduction 


This chapter investigates mass movement mechanisms in 
thawing soils and, where possible, introduces these models into simple 
one-dimensional stability analyses and compares them with actual slope 
failures. The results of a field study in the Mackenzie Valley 
coupled with a review of the periglacial mass movement literature 
emphasises the role of thaw in a wide range of landslide types. 

There is overwhelming evidence to suggest that the slope stability of 
such forms as solifluction lobes, skin flows and the tongues of 
bi-modal flows is partly controlled by the rate of advance of a thaw 
interface as it penetrates into the underlying permafrost. The 
geotechnical implications of thaw under these conditions can be 
quantified and the characteristic shape of these slopes makes them 
amenable to analysis in one dimension. Thaw is also of fundamental 
importance in the headscarps of bi-modal flows but, in many cases, 
melting occurs in a different manner than for solifluction, etc. 
Often ice or ice-rich soil is exposed directly to the atmosphere and 


the melt is constantly removed, a thaw process called ablation. 


Therefore, in order to undertake an orderly consideration 


of thaw dominated failure mechanisms it is evident that an 
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appreciation of the factors influencing thaw must first be gained. 
The problem will be considered briefly with the greater part of this 


chapter devoted to geotechnical consideration. 


3.2 Some Aspects of the Thaw of Soils 


3.2.1 The Energy Balance 


The micro-climate of a particular site is governed by a 
host of complex and interrelated factors. These factors have been 
summarized by Geiger (1965) and to whom the reader is referred for 
a detailed explanation of any of the terms or concepts used in the 
following section. The climate near the ground in turn determines 
the net flux that is transmitted into the ground and in a coupled 


manner the temperature and temperature gradients in the ground. 


The energy balance at the interface between the atmosphere 


and the ground can be expressed in the following manner; 


-) 
i 


LE + H+G Sel 


or 1 = LE/R + H/R, + G/R, 3.2 


where R, is the net radiation, LE is the latent heat of evapo- 
transpiration, H is the convective heat flux and G is the soil heat 


Eluxsegin turn, Ra is expressed as 


R, = (Q) (l= a) +1 315 


where Q is the incoming solar or shortwave radiation, a is the 
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albedo and I is the net longwave radiation (Stefan Boltzsmann 


radiation). Thus we can solve for G the ground heat flux as 
G = Q(1 - a) + 1+ LE+H 3.4 


and knowing the absolute magnitudes and daily variation of Q, a, 
I, LE, and H it would be theoretically possibie to predict the 


depth and rate of advance of a thaw interface. 


However, the prediction of the above variables for a 
given site and surface cover under varying cloud covers, wind 
velocities, relative humidity, surface temperature, air temperature, 
and so forth is another matter indeed. While the solution may be 
indicated in a symbolically straightforward manner all variables 
are inter-related to different degrees and a detailed consideration 
of their interaction is beyond the scope of this thesis. We shall 
consider some typical values of the major components of Eq 3.1 
and 3.3 as it is found in later sections that an understanding of 


these components aids us in understanding mass movement processes. 


Typical values for albedo are given in Table 3.1. The 
amount of incident solar radiation absorbed by a given surface 
increases as the surface becomes darker. Albedo is also affected 
by water content as wet surfaces appear darker than dry surfaces. 
Typical values of the ratios in Eq 3.2 are presented in Table 3.2 
and where possible all three ratios are deduced using Eq 3.2. 

All case records presented are for either high alpine or sub-arctic 
sites and it is noteworthy that for a range of sites, with the 
exception of the Chitistone Pass site, that the ratio G/Ry is 


0.195 with a range (0.09 to 0.26). Some values for the Q and I 
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components of Eq 3.2 are given in Table 3.3 for some of the sites 


already noted in Table 3.2. 


Let us now briefly consider some of the implications of 
Eq 3.1 and 3.3 in terms of the relative magnitudes of the components 
as shown in Tables 3.1 to 3.3. Firstly, the amount of thaw over 
a season will be governed by the amount of soil heat flux, G, that 
can penetrate into the soil. The importance of the LE and H 
components in reducing the available flux is evident. The ratio 
G/Ry is, in part, governed by the wetness of the surface as can be 
seen for the Barrow site, Table 3.2, where the ratio gradually 
increased during the thaw season as the tundra surface became drier. 
As the albedo appears to be constant for a tundra surface over the 
season (Haag, 1972) it appears that the ground heat flux increased 
in relation to net radiation once the surface became drier and the 


evaporation barrier lessened. 


The amount of thaw will also be affected by cloudy days 
during which the ratio G/R, will increase as relative humidities 
are high and little evaporation will occur. However, the absolute 
magnitude of G might be significantly lower because cloud cover 


would decrease incoming solar radiation, and thus R by £q/3.3. 


Changing the surface cover will also affect the thaw depth 


for a variety of reasons. Changes in vegetation cover from living 
to burned, or cleared, will decrease the albedo and increase the 


amount of R, and thus of G. A comparative study reported by Linell 
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(1973) has shown for one site in which the spruce and brush cover was 


removed 4.5 m of permafrost was thawed in 26 years while an adjacent 


site stripped of all vegetation underwent 6.7 m thaw in the same 
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time. The control site covered with spruce, brush, moss and grass 
maintained an active layer depth of about 1 m and it is suggested 
that the primary control in the disturbed sites was exerted by 
albedo. Alternatively, covering a dark wet soil with a light sand 
will increase albedo and have the opposite effect on R, and G. 

A thick covering of sand would, however, tend at the same time to 
increase the ratio G/R, as there might now be less water available 
to reduce G by evaporation. On the other hand, the effect of 
forest fires is, in part, the reduction of evapotranspiration as both 
living canopies are destroyed and surface runoff is rapid. Thus; 
in burned areas thaw is accelerated because lessened LE results in 


increased G, 


In conclusion, we can follow Gold and Lachenbruch (1973) in 


noting that 


"Although attempts are being made to determine the 
time dependence of the surface temperature by 
measuring the components of the surface head 
exchange, the greatest benefit of these measure- 
ments has been to provide a general qualitative 
to semi-quantitative appreciation of the influence 


of relief and surface factors ...+e-e«+«.e. On the 
relationships between ground temperature and 
weather." 


Thus, in order to gain quantitative information on the thawing of soils 
it is necessary to proceed to a consideration of problems that can 


be described using a temperature, rather than a flux boundary condition. 


3.2.2 Mathematical Models in Thawing Soils 


Many aspects of the thawing of frozen soils can be considered 


with ease using temperature boundary conditions although specific 
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problems such as ablation melting require the specification of 

a flux boundary condition. A wide range of available solutions 

have been discussed by Nixon and McRoberts (1973) who focus 
attention on both solutions for and factors influencing the rate 

of thaw. This parameter is of considerable interest in geotechnical 
problems and we will concentrate on its role in defining the mech- 
anical response of a thawing soil in a later section. We shall 

now consider. certain analytic solutions for thaw in frozen soils, 
factors influencing the prediction of thaw rates, typical rates 

of thaw for likely boundary conditions and finally compare 


mathematical models with field studies. 


If a uniform homogeneous frozen soil is subjected to a 
step increase in temperature from Tg in the ground,to T at the 
surface,a thaw interface is caused to move through the frozen soil 


as given by 


X= AX /t B60 


where X is the depth of thaw, t is the elapsed time since T, was 
applied and & is the rate of thaw, a constant which must be determined. 
This problem was first solved by Neumann (see Nixon and McRoberts). 


Written functionally 
3.6 


where L is the volumetric latent heat of the soil, c,, and cr are the 


u 
volumetric heat capacities of unfrozen and frozen soil and k,, and ke 
are the thermal conductivities of unfrozen and frozen soil. A 


graphical solution to Eq 3.6 is given by Nixon and McRoberts. 
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If the Neumann problem is simplified by assuming that 
Be = O and that temperature gradients in the thawed zone are linear 


then the so-called Stefan problem is formulated as 


yu / *kuels 2 Set 305 


L 


Nixon and McRoberts consider the importance of the variables 
of Eq 3.6 on the magnitude of % and find that in problems involving 
thaw the dominant variables are ground surface temperature, the 
thermal properties of the thawed soil and the total quantity of 
water that changes state. They consider the importance of unfrozen 


water content and suggest that L be defined as 


gk eh a 105 spin 3.8 


where i} is the latent heat of ice, ur is dry density, w is the 
water content, and Le is the unfrozen water content expressed as 
(g water/g(ice + water)) at the T. of interest. If Lis then 
lumped at O0°C the path-dependent nature of W,, can be accounted for 
with ease for all practical purposes. 


As the variables mn k Cp) can be shown to be of lesser 


? 
importance in thaw problems, « ay from Eq 3.6 can be 
estimated to a reasonable degree of accuracy by Eq 3.7. A detailed 
consideration of theerror involved has been presented by Nixon 

and McRoberts (1973) where other variations of the solution to the 
thaw problem with a step increase in surface temperature are also 


considered. 


Step temperature increases are considered to be a 


reasonable temperature boundary condition for a wide range of thawing 
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slopes. For natural environments where snow covers are not arti- 
ficially cleared winter snows can remain for some time and it is 
argued that by the time that snow covers melt air temperatures have 
reached summer highs. As spring is a somewhat transient event in 
northern regions,the air temperature available for the thawing of 
the active layer reasonably approximates a step temperature. 
Surface temperatures deduced from measured gradients in the Mesters 
Vig are shown in Fig 3.1 and it can be seen that a step temperature 
is a reasonably approximation for the variation in surface 
temperature. It might be argued, however, that for certain sites 
that step temperatures are not reasonable and that a time-dependent 
surface temperature must be used. A useful analytical model for 
this case is to make the surface temperature follow a sinusoidal 
variation. If we define an equivalent step temperature, T.> as the 
thaw index in degree days (the area under the sine curve) divided 
by the length of the thaw season, as is usual practice, in thaw 


calculations, it can be shown that 


a 2 T max 3.9 
e al 


where T max is the peak temperature of the sine variation. A 

typical example is shown on Fig 3.2 and we observe some justification 
for the use of an equivalent step temperature in calculating the 
depth of thaw penetration. Furthermore, Nixon (1973) has shown that 
the maximum excess pore pressures set up in a homogeneous medium 

by a sinusoidal surface temperature actually slightly exceeds the 


pore pressures generated using a step temperature defined by Eq 3.9. 


Before proceeding to a consideration of case records it is 


useful to first investigate the possible range of the rate of thaw &% . 


Solving Eq 3.6 for a range of Tg from 2.0 to 20.0°C and for water (ice) 
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contents ranging from 5.0 to 70.0% the maximum range of & that 
can be expected for this wide variety of conditions is from 0.01 
to 0.10 cm/st/2 » Fig 3.3. For more reasonable ranges of T, 

for field problems from 5.0 to 15.0°C and water contents between 
30.0 and 60.0% the range can be shown to be about from 0.025 to 
0.05 cm/st/2 | 


Let us now investigate the applicability of the analytic 
solutions considered and in particular if thaw can proceed under 
natural conditions in accordance with Eq 3.5. A summary of 15 case 
histories available in the literature are presented in Table 3.4 
and the progression of thaw with the square root of time for these 
studies is plotted in Fig 3.4. For most sites there is a noticeable 
linear relationship between X and t é in accordance with Eq 3.5. 
Measured & values are compared with predicted on Fig 3.5. Step 
temperatures are either averaged from measured surface temperatures 
or deduced from air temperature records as noted on Table 3.4. 
Keeping in mind that no corrections have been made to allow for 
unfrozen water content, that ice contents are in some cases crudely 
averaged, that a variety of methods have been used to deduce T5> 
and that in some sites an organic layer covered mineral soil, 
the agreement between measured and predicted & values is quite good. 
It can also be observed that the range of & values observed for 


a range of sites is well within the predicted range of Fig 3.3. 


In many field situations the assumption of uniform 
conditions with depth in the Neumann problem is unrealistic due to 
the presence of a surficial layer of organic soil or peat having 
different thermal properties. For such profiles the depth of thaw 
will no longer be governed by Eq 3.5 for the entire thaw season. 
In order to solve this problem a simple extension to the Stefan 
problem to allow for a two-layer problem has been given by Nixon 


and McRoberts (1973) as follows. Consider a surficial layer of 
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height H with thermal properties k overlying an infinite 


eer 
depth of soil with properties Kos L, with an applied T.- From 
Eq 3.7 the time required to thaw H is 


where the depth of thaw in the surficial layer is governed by Eq 
3.5. For the under-lying soil the depth of thaw, X, measured from 


the surface of the top layer is 


ko 2 2koTs ko 
X=/(— H) + (¢ -t ) —( — - DH Sat b 


Two case histories have been considered using Eq 3.11 and are 
presented in Fig 3.6. As the case histories are not completely 


documented it was necessary to first obtain a ratio k,/L, from 
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Eq 3.10 knowing (to> Hi T.) from measured field data, Then obtaining 


L, for a high water content peat it was possible to obtain kK for 


use in Eq 3.11 and to then solve for the depth of thaw in the under- 


lying soil knowing (ky, Ly and T.). The comparisons between predicted 


and measured are quite reasonable and again point out that step 
temperatures are a useful approximation to the temperature boundary 


condition for thaw problems. 


In the above comparisons of predicted and measured depths 
of thaw Kersten's (1949) data for a silt-clay soil was used for 


conductivity, k,,. 


While there is little experimental confirmation of 


Kersten's work (see Nixon and McRoberts) recent laboratory measurements 
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of the % value agree well with predicted values using Kersten's 


data (Smith, 1972; Nixon, 1973). 


Further work on the thawing of soils by Nixon (1973) 
also concludes that the effects of thaw strain and water migration 
or convection in one-dimensional problems are negligible and 
substantiates the assumption, implicit in our treatment of the 
thawing of soils, that conduction is the principal mode of heat 


transfer. 


Many of the headscarps of bi-modal flows reported in the 
literature and observed in the study area expose ice or highly 
ice-rich soils directly to the atmosphere. As such, their surface 
temperature is necessarily 0°cC and it is impossible to quantify the 
thermal solution to this class of problem by using a temperature 
boundary condition. This is an ablation problem and requires the 
specification of a flux boundary condition such as that presented by 


Carslaw and Jaeger (1947) which results in the following solution 


F 
yu. ete ce Sey 3.12 
Lit ce, T, 


where V is the steady state velocity (cm/day) of the ablation surface, 
F is the steady state flux (cal/cm@day) impinging on the ablating 
surface, L is the latent heat per unit volume of frozen soil 

(cai/em”) , cj is the volumetric heat capacity (eal jem’ °C) and rT 

is the ground temperature (eye As the heat involved in warming up 
frozen ground at the in-situ temperatures of interest is very small 
compared to the values of L in soil exposures susceptible to this 


‘form of mass wasting we may write. 
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F 
CPO Subs 


We shall consider the application of this model in a later section. 


This section has summarized the analytical solutions to 
thawing problems that are required in the following discussion of 
mass fmovement mechanisms, as well as having introduced, in a 
quantitative sense, certain factors concerning the energy balance 
at the earth's surface. For additional information on this 
subject the reader is referred to a recent review by Gold and Lachen-~ 
bruch (1973). We have seen that the use of step temperature 
boundary conditions serves in many respects as a reasonable approx- 
imation to actual field behaviour and we have reviewed the dominant 
variables influencing the rate of thaw, ®. It should be noted that 
we have never explicitly defined where, or indeed what, the 
boundary is between the atmosphere and the underlying soil. Under 
conditions in which a flat mineral soil surface is directly 
exposed to the atmosphere the boundary is more readily visualized 
than it is for a site with a hummocky peat covered interface and 
where the interface may well be a zone of finite depth. Furthermore, 
while we have reviewed some case studies where the depth of thaw may 
be predicted by assuming that air temperatures are uniquely equiv- 
alent to soil surface temperatures this is not necessarily true 
for all cases. However, we are not concerned here with accurate 
predictions but rather that the models used are applicable to field 


situations and it has been shown that this is indeed the case. 


7b el 


No kises 49968l & ni Debem\ eis do uo kano gas ont Teel enee | 


¢ - 


O3 eagtiaioe Leona ane At. ols Prammis a gal NotIos2 atte) i a 
to Holesiseth garollol, sda gi “doxinpest s%an cee wmoldosq % \ 
A mk hee nebod tne greed as tisw as steve knredt oan 


£ 


sonsisd versie ads anise. ano ton HIBTIOD qPanae owas s83n : 
Beds fo rot iawn zederd ienottibbs sof eoatawe: eres” nad de 
~natios! bain bied vd waived dnsse® & ot boyretay et “ebso't ads q . 
axvisazeguet qsta 2b seu ald jad nase evad oe eee: ee 
-xo1ggs gidsnosset 8 Es pjoequax vinin ot zevror snob atbans x 
jasnimob add bews ivas ovit ey DGS) qootveaded: afsit Leusem 03% 
_ ¥8if3 ‘hoton. 9d biuote 32 38 wada 46 Stas 403 grtoneuliah @ 
et ,Janiw bssbat to guadw. bontiak ro aera! soe 6 
webnll fina griylzobnu ad bss oroilyaomte ‘pda 79% . 
vitosrtd 2k eaelaue Itos fategia mat} ry bie a hot 32 
bSsiisuaty gi ibeex stom at cxpbauad aay ster j is ae ey t yee 

bas sostx9 sit beisves téoq ploommud 8 Addy odie be +02 ab 9 ae 

,Ssom7edid0 FT 2qeb Ssined 20 Ss. & od Ifsw, pen apiineddt: otis 9 ai 
Yan want to daqab $04 ston, aokbuae. Se8o sow bawelves aval ow 8 
“VEUDS, yloupten Sts stu 2ex9qne bs sans ghieveas ve beds 
sux bagi ren ah an Fess ane await arias sane 


= 


blait o2 itéentt age oa beau. er oid dais sta aa 
(83H ads ‘baabrt at eka Sana- cl nso’ esd 42. rae 
\ A 


A 


Pe, Instability Mechanisms in Thawing Soils 


ee ap Thaw Consolidation Model 
(i) Derivations 


Shallow landslides such as solifluction, skin flows 
and the tongues of bi-modal flows have certain mechanistic 
similarities that can be considered under the heading of thaw 
consolidation. As noted in Sec 1.4 there is a dilemma that exists 
in the slope stability analysis of these low angle thaw slopes 


that will now be detailed. 


The dilemma involves the inability of conventional 
limit equilibrium analysis to predict mass movements on low angle 
slopes. A wealth of geotechnical experience in temperate regions 
suggests that it is entirely appropriate to consider the stability 
of long shallow slopes using an infinite slope analysis. It is 
well known in this case that by applying a simple statical balance 
of forces that the factor of safety F becomes (for example: Weeks, 
1969) 


) 
tan 6 


s 
tan 9 


where S'/X is the ratio of effective to total unit weight and is 
usually 1/2, bis the angle of shearing resistance in terms of 
effective stress Ce! = 0) and 0 is the slope angle, Fig 3.7. 

Eq 3.14 has been derived for the pore water condition of steady 


state seepage parallel to the slope, Fig 3.7, with the ground 


F = abe a i ee 
i 
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water level at the slope surface. 


Assuming that it is appropriate to introduce a residual 
value for the strength parameter pe then slopes should be stable 


at an angle given by 


tan 0’ + 3 
i 


tan 8 = 


Illitic clays with i". = 23° are common in the study 
area. As these clays are found either by themselves or as part 
of a colluvial deposit,an angle of ie = 23° in Eq 3.15 represents 
a lower bound for possible slope He VT SL": Thus from Eq 3.15 
all slopes should be stable below 12.5°. But many slopes in the 
study area (see Tables 2.1, 2.2) are actively slipping on angles 
from 3° to 9° and these movements cannot be explained in terms 
of the model described above. Furthermore, we have seen that many 
of the solifluction slopes described in the literature (Sec 1.4) 


also cannot be predicted by Eq 3.15 (see Table 1.6). 


These low angle movements can be explained within the 
framework of a limit equilibrium model if the presence of excess 
pore water pressures are invoked. This point of view has already 
been suggested by Weeks (1969) and Chandler (1970) although as 
we shall see later their proposed mechanisms for the generation 
of these pressures are not consistent with the salient features 


of solifluction movements. 


It is contended that excess pore water pressures can be 
set up in thawing soils and that they are consequent upon what has 
come to be called thaw consolidation. Morgenstern and Nixon 
(1971) have solved a one-dimensional thaw consolidation problem 


by coupling the traditional Terzaghi consolidation theory with a 


aes) 
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moving thaw boundary defined by the Neumann solution, Eq 3.5. 
The solution is formulated in terms of a ratio, R, the thaw 


consolidation ratio: where 


where % is defined by Eq 3.5 and C, is the coefficient of 
consolidation. This ratio expresses the relative influence of 

the rate at which water is produced by thaw and the rate at which 
it may be squeezed out of the thawed soil overlying the moving thaw 
interface. For an infinite soil mass thaw-consolidating under 


self weight conditions the excess pore pressure has been found to 
be 


wis 


sige @ ie 3 ) Yd SAt7 
2R2 


where 8'd is the effective stress after complete dissipation of 


excess pore pressures. 


Considering a slope, Fig 3.7, where a thaw front has 
penetrated to a depth d the effective stress on a plane aa', after 
the dissipation of excess pore pressures, would be $'d cos 0. 

It is, therefore, assumed, analogous to Eq 3.1/7, that a measure of 


the excess pore pressure, u, on aa' is 


i 
ee ) 
ae a 

2R2 


u= &'d cos ® ( 


and applying a statical balance of forces the factor of safety 


becomes 
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x ih tan @ 
F =) toons ( Ws —— ) See 3.19 
s \ 1+ 1 tan 0 
2R2 


It can be seen that if no thaw occurs or if no excess pore pressures 
are set up Eq. 3.19 reduces to Eq 3.14. Eq 3.19 can then be solved 


in terms of R and water content, Fig 3.8. 


The solution to Eq 3.19 can be extended if @& is defined 
as in Eq 3.7 and by assuming that all the water in a unit volume 
of soil is frozen. Using conductivity k, defined as a function 
of water content and L by Eq 3.8 ( with W, = 0.0) both ky and L 
are then uniquely defined by a given water content. A solution 
to the infinite thaw slope can then be presented (Fig 3.9) by 
plotting the slope angle required for limit equilibrium (F = 1.0) 
against water (ice) content. As the solution for @% is more or 
less independent of frozen ground temperature it is possible, 
therefore, to isolate the relative effects of step temperature and 


C, in reducing equilibrium slope angles. 


When R values are low in a thawing soil no excess pore 
pressures are generated while if R is high effective stress levels 
approach zero. Considering the parameters contained in R it is 
reasonable to conclude that the degree of uncertainty in obtaining 
a value for the thermal parameter CX is much less than the 
uncertainty in estimating or measuring Coe The complete range in 
© values for expected field conditions is from 0.025 to 0.07 


1/2 


cm/s and we have seen that the thermal parameter can be 
estimated with reasonable accuracy, Fig 3.5. The value cy» on 
the other hand, may easily range from 1071 ene for sandy soils 
to 107? cuthe for fine-grained clayey soils and while c, enters 


the R value under the square root its potential variation and the 
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factors affecting it make the degree of uncertainity associated 
with obtaining the correct Cy value much higher. Therefore, we 
can conclude that the analysis of thaw slope stability resolves 
itself into a requirement for a detailed knowledge of 
geotechnical properties of thawing soils such as Cy and the 
effective stress parameters (c', $'). It is less dependent on 


a detailed knowledge of the thermal solution. 


(ii) Extensions to the Linear Theory 


It is useful to first consider certain extensions to 
the theory of consolidation for thawing soils before proceeding 
to a discussion of the thaw slope model. These extensions 
(No. 1 to 4 below) have been presented by Nixon (1973) in order 
to amplify the basic thaw-consolidation model incorporating linear 


Terzaghi consolidation theory with a Neumann thaw problem. 


1. When a frozen soil thaws under undrained conditions it is 
entirely possible that there is an initial effective stress in 

the soil skeleton before any drainage or volume change occurs. 

This initial effective stress is called the residual stress and 
may reasonably be put equal to zero for ice-rich or high void ratio 
soils in the thawed, undrained state. For soils with lower void 
ratios, high dry densities or no visible ice the residual stress 
may be high. Thus, if the residual stress in a thawed soil is of 
significant magnitude the excess pore pressure predictions of 

Eq 3.17 are too high and substantial strength can be mobilized 


before drainage occurs. 


2. The linear Terzaghi consolidation model assumes a linear 
relationship between void ratio and effective stress. Nixon (1973) 


has shown that while this assumption has been shown experimentally 
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to be justified at low void ratios or at high effective stresses 

it is unrealistic for some soils at high void ratios or low stress 
levels. High void ratio soils are, in fact, markedly non-linear 
and the soil skeleton of an ice-rich soil must expel considerable 
quantities of water to gain only small corresponding increases in 
effective stress. For these soils, the residual stresses are also 
low and the net effect is that the simple linear thaw-consolidation 
model underestimates the magnitude of the excess pore pressures set 


up at the thaw interface. 


3. The pore pressures generated by a sinusoidal variation in 
surface temperature havealso been compared to the pore pressures 
associated with an equivalent increase in step temperature. It 
has been demonstrated that the excess pore pressures under the 
sine variation slightly exceed the pressures obtained under the 


equivalent step temperature over a certain range in depth. 


4. If an actively penetrating thaw interface in a thaw-consolidating 
soil suddenly encounters a thick ice lense the pore water pressure 
regime in the soil now changes depending upon certain variables. 
Nixon (1973) has presented an analytic solution for this problem 

and shows that for shallow thick lenses the excess pore pressures 
increase with time depending upon the discharge capacity of the 

soil and the rate of melting of the ice. Under certain conditions, 


zero effective stress levels may be reached and maintained. 


3.3.2 Some Aspects of the Model 


(i) Laboratory Testing 


Thaw consolidation theory has been shown to be capable 


of accurately predicting the mechanical response of thawing soils 
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for a variety of laboratory experiments and for a field study. 
Laboratory experiments by Smith (1972) have confirmed the 
applicability of the linear theory for low void ratio remoulded 
soils and tests by Nixon (1973) on ice-poor natural soils show 
similiar agreement. Further tests on ice-rich natural soils 

by Nixon have shown that departures from linear theory are required 
to interpret these soils and that their behaviour upon thaw 

can be successfully predicted. Laboratory experiments by Nixon 
have also proved the existence of residual stresses in both 
remoulded and natural soils. Furthermore, thaw consolidation 
theory has also been shown to be capable of accurately predicting 
the thaw response of silty-clay soil beneath a hot oil pipeline 


(see Nixon, 1973). 
(ii) The Fort Norman Landslide 


Excess pore water pressures were measured in the field 
during the 1972 summer programme and the results of the testing 
have already been presented in Fig 2.3 and discussed in Sec 2.4. 
Most of these tests were made in the clayey, sandy silt of a 
colluvial deposit at the Fort Norman Landslide, Appendix A. 

The thawed Fort Norman silt has an in-situ water content of 31% 
(Table B.2). Frozen void ratios are not known. Relationships 


for e versus log V', k and ¢,, abe given in Fig 30% 


The measured excess pore pressures expressed in terms 
of the ratio r,, Eq 1.4, ranged from 0.88 to 1.09 where ae OQ a2 
for hydrostatics conditions... It is of interest to»see if these 


values can be predicted. 


Let us first consider the simple linear thaw-consolidation 
model. As field temperature records are not available e¢must be 


approximated. If we assume the following reasonable parameters: 


o> ann ape vat COVER yi ee : 
tra bhlisomes ot yerbioy. wok 4a | Kags aay sibel Td, hep h Bh 
ly ie ¢ 


wots eidoe Tasvang vabg-s4h, to” ie eh net ba me 


sling I swypeo Wabi atk, re) ener eat aap 
bo tiuph 2 GAs YNOSid, Thar EL (a0 ennsarayeb logit on if Se’ 

ward nog” sue ated Sst) feud ‘bins’ ‘ahtos mult 9 

Hoxill ye esismsge sq, irosetrodad ” utente 

. dod me parte Leobpear ca 4: nbdules ‘gis gta 

noi gsbifosses> wans~ , yong ph yal tok ane Mi 
inibase ylowsiwoss Jo 1a ar a? Awol soe. pals, ¢ 
sfifogty Lid aad & #aeesed ioe 7biS<y glee i seman 


<i 


ah ee 
ob baa Asorsolt iss ath 


Veep at 

biol oe gk bead seed aay ast aas Sq wes tile ong ‘ee \ a 

suites ota to etivdey att bas gamaagorng, eign a Vek 4 

AS bara ih “higauoesb bas &.2u vin ‘wl, betanus tg, peyrete 

Ble, dia ¥ybhaa .rayele aay nh Pee aay, adeod asad > | ie zy . 

a ube neagh a pall eraurzaws Bias 36: aiesosiah 

ALE y to ine sH09 xi CFDS) ey eeu banal meme IF f 0 Pal oy 

ugidands Wal oa ons Jom est gos sex, biov fogoat, prhenst- 

| 2002 ght nd neveg- San) A ne J. god Beetev) oa 
“pmiteaond pee en gonigese arf agepie ber eiealls PS.) 

82,0 = 5 yaptln QO.) 09 88,0 O32 Bayaay (Ast Bays oisey ot) 30: 

paniitey wes 03 donsaigite 220 ,anwkathaoa, 9 etna ie 


Oe a 


 betorbsag od nBo  BaE 

tow wr tea ‘a : 

noktshilesnon-wad 1ashid alhijate ads Sab 28009 ery ev dal ae fad 
wd tints oldnbtave Joc, 3sh @baepas § yruteyegnss blot as 
sain piaealiamailie ec aninalieaal pw 31 . 


aa 


2 


Fi 
| 


= 10°C, k, = 0.0032 cal/cm°Cs, L = 36 cal/cm™ based on W = 31%, 
Wy = 0.0 then from Eq 3.7, {= 0.042 en/s-/ 2, At a void ratio 

of e = 0.85, ona te en ee 
R= 0.54. For R = 0.54 and under self weight loading conditions 


en fs from Fig 3.10 and by Eq 3.16, 


the excess pore pressure, calculated from Morgenstern and Nixon 
(1971) and expressed as p= 0.70, is somewhat less than measured. 
A non-linear model may explain the measured pore pressures but 

as the frozen void ratio is not known such a model cannot be 


explored in detail. 


However, it is felt that the geostatic pore pressure 
conditions measured may be due to thawing over an ice lense. 
Assuming the same thermal parameters as used above and a 
en. 05 10° cm/s from Fig 3.10, Nixon's method can be used 
to show that full geostatic conditions can be reached if an ice 
lense is encountered at a depth of 2 ft. Furthermore, it can.be 
shown that, assuming ea ie LS eles cm*/s, Picwoy LOS Ehab the 
ice lense need be only 0.33 cm in thickness in order to achieve 
anr = 1.0. This method is sensitive to both the values of k 
and cs selected for the thawed soil overlying the ice lense. In 
particular, the field value may be influenced by macro-structure 
and, whereas, there is good agreement between different laboratory 
tests, a representative field k may be significantly less than 


1 x 10°° cm/s. 
(iii) Slopes in the Vestspitsbergen 


Excess pore pressures have also been measured in the 
field by Chandler (1972) during a study of thawing slopes in 
Vestspitsbergen. A probe piezometer similiar to the one used in 
the Mackenzie Valieoruas used. According to Chandler some tests 


were conducted with the tip pushed to refusal at the base of the 
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active layer while other tests were made at intermediate depths. 
Excess pore pressures measured ranged from ta values of 0.65 

to 0.84 and for which a r= 0.50 corresponds to hydrostatic 
conditions. The soil in which tests were conducted was a clayey, 
sandy silt similiar to the Fort Norman Siit. As ciay contents 

are as high as 20% it is expected that the slope deposits will 
have a substantial C, value. Chandler presents data that shows 
that the thaw interface has moved some 12 cm in 10 days although 
the CK value cannot be estimated. Thus for this site it is 
suggested that the excess pressures measured are due to thaw- 
consolidation processes. It is to be noted that this mechanism 

is not considered by Chandler who suggests that the pore pressures 
are due to a blocked drainage mechanism. He suggests that internal 
erosion has formed subsurface channels of higher permeability 
which, when filled with water and covered by finer-grained soils, 
cause excess pore pressures. However, it is felt that this process 
would more likely contribute to reduced pressures due to the 
improved drainage conditions. He also suggests that possible 
overnight freezing may cause a similiar situation; we shall 


consider this point in Chapter Vi 


3.3.3 The Sedimentation of Thawing Soils 
(i) Theory. 


While we have assumed in the preceding section that a 
frozen soil will consolidate upon thaw it has by no means been 
proven that soil-like conditions are always immediately realized 
once the ice phase of a frozen soil is melted. Although thaw- 
consolidation theory is capable of predicting. conditions under 
which the effective stresses in a soil can approach the quick 


condition, the theory does so from the point of view that a soil, 
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defined by certain mechanical parameters, already exists. 


Conversely, it can be speculated that if the void ratio 
of a thawed soil is high enough the released mineral grains 
find themselves entirely separated from on another with no 
particle to particle contact and, therefore, under conditions 
of zero effective stress. In this environment a soil does not 
exist and a finite passage of time is required in order to achieve 
a soil-like state as the dispersed particles settle into a state 


of grain to grain contact and begin to transmit effective stresses. 


Although we are primarily interested in formulating 
mechanisms for mass movements in thawing slopes we must first consider 
the basic aspects of sedimentation theory. This is made necessary 
because it appears that the processes and implications of 
sedimentation have been, hitherto, completely overlooked in 
geotechnical practice. It can be noted here that in addition to 
its importance in periglacial environments the theory is also 


of fundamental importance in many other fields of engineering. 


The development of a theory of sedimentation for a 
dispersion, or suspension, of solids in a fluid is presented in 
detail in Appendix C. Appendix C also considers experimental veri- 
fication of the theory and extendas the basic theory into sedimentation- 
consolidation theory as well as presenting some aspects of thaw- 


sedimentation. 


If we prepare and place a dispersion of uniform and 
sufficiently low concentration in a container it is possible to 
observe the following behaviour, Fig 3.11. After some small 
initial time a sharp interface will form and the top of the 


dispersion will settle with a constant velocity M. Concomitant 
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with the fall of the top interface a less distinct interface 
may, under some conditions, be observed to rise from the base 

1° At some time te the two 
interfaces will intersect and the dispersion will have vanished. 


of the cylinder with velocity m 


This behaviour of the dispersion during the time up to te is 
governed by the theory of hindered settling. This theory was 
first presented by Kynch (1952) and is based on the single main 
assumption that the velocity of fall of particles at any given 
point in a dispersion depends only on the local concentration 
of particles. This concept in turn leads to the idea of 
particle flux which is defined as the product of velocity of 
fall times particle concentration. Kynch's work is considered, 
and extended, in Appendix C and to which the reader is referred 


for both the theoretical proof and experimental verification of 


the linear settling modes discussed above. 


| If the dispersion had been made up of rigid particles 
such as sand it would be noted that after te no further settlement 
of the interface would occur. However, if a finer-grained dispersion 
is sedimented, further displacement will occur and the continuing 


settlement will be governed by conventional consolidation theory. 


Furthermore, if we monitor the pore water pressure at the 
base of the cylinder we will also note the following behaviour. 
Irrespective of the type of dispersion, an initial pore water pressure 
equal to the total stress of the column of the dispersion will be 
measured. If the dispersion is made up of exceedingly clayey 
particles a zero effective stress condition will be maintained at 


the base of the column up to time t Fig 3.11, after which pore 


Be 
pressures will dissipate according to consolidation theory. For 
the majority of finer-grained dispersions in which linear settling 
modes are observed some dissipation of pore pressures will occur 


before time tee For coarse-grained particles it is expected that 
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the pore pressures at the base of the cylinder will rapidly 
dissipate as shown on Fig 3.11. 


Up to t, the sediment formed will be governed by 


f£ 
conventional consolidation theory although the process is 

complicated by the moving boundary formed by continuing sedimentation. 
This problem is referred to as sedimentation-consolidation and is 
considered in Appendix C. After te the top surface does not 

aggrade and the subsequent consolidation and dissipation of 


pore pressure is governed by conventional theory. 


We are now in a position to consider certain aspects 
of thaw sedimentation by making various simplifying assumptions. 
Firstly, it is assumed that thaw is governed by the Neumann solution. 
Secondly, it is assumed that the flux plot relating particle flux 
and concentration is linear (see Fig C.23). If we now thaw a 
homogenous soil of initial concentration, Ci» less than cy oe 
is possible to derive an expression predicting the depth, Xue 


at which soil-like conditions are first reached as (Eq C.47) 


X = eo paced |: ebatraies aly wid 320 


where Sn, is the particle flux at ae 


The results of sedimentation tests on a series of soils 
is summarized in Table 3.5. The flux plots for these soils are 
given in Fig C.12 to C.14 and it can be seen that the assumption 
of a linear relation between S and c is reasonable at the higher 
range of concentrations. It is apparent that if the in-situ frozen 
water contents of the Fort Norman or Devon Silts are less than about 
90% then the soil will already have established grain to grain 


contact and will not undergo a sedimentation mode. 
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The solution to Eq 3.6 for Fort Norman Silt and for 
Devon Silt and Devon Sand is given in Table 3.6. Here Eq 3.6 
has been solved for a T_ = 10°C. The results indicate that for 
initial uniform concentrations corresponding to water contents 
of from 100 to 150% thawed Fort Norman Silt will remain in 
a dispersion from depths of 0.4 to 1.3 cm and Devon Silt from 
9.9 to 32.1 cm. It-is interesting to note that while Sn for 
Devon Sand is much lower than for Fort Norman Silt the Xe values 
are almost equivalent due to the increased rate of thaw for the 
sandy soil. 


The estimation of the depth X, is inversely related 


f 
to che flux; ae which must be measured experimentally for a 
given soil. The determination of aes is quite sensitive to the 
precision of the technique used to observe sedimentation modes 
and it is felt that if experiments of a higher order of accuracy 
were conducted the measured Sn would be even lower. Therefore, 


the prediction of Table 3.6 may underestimate the depth to which a 


dispersion may be sustained during thaw-sedimentation. 
(ii) Implications 


It has been shown theoretically that when an ice-rich 
soil begins to thaw-sediment that it is entirely possible to maintain 
a dispersion to some critical depth. Thus critical depth is dependent 
upon certain mechanical parameters which can be determined from a 
simple test and is also a function of the rate of thaw. During 
the time interval in which the dispersion exists a soil does not 
even exist. Under these conditions the only shear strength that can 


be mobilized is due to the viscous resistance of the dispersion. 


If conditions favoured the existence of a thaw- 


sedimentation environment on a slope the following conditions would 
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be expected. As the soil thawed,thin sheets of dispersion would 
be created, These layers of dispersion would then flow downslope 
governed by the slope inclination and the inherent rheologic 


properties of the thaw-induced dispersion. The displacements 


caused by this process would be gross and cannot be readily estimated. 


3.3.4 Conclusions 


There is, therefore, evidence to suggest that thaw- 
consolidation theory is capable of predicting the behaviour of 
thawing slopes. The importance of thaw in controlling solifluction 
and flow movements has been reviewed in Chapter 1 and the theory 
presented in this section quantitatively describes the qualitative 
theories of certain early investigators such as Taber (1943), 
Paterson (1940) and Washburn (1947). We have seen that the thaw 
consolidation model is capable of predicting low angle slope 
failures in terms of certain thermal and geotechnical parameters. 
While the simple linear model may not be entirely adequate for 
the high void ratio soils characteristic of shallow thawing slopes 
we have briefly reviewed extensions to the theory. In particular, 
we have noted the importance of thaw over an ice lense for shallow 
depths. This extension is of major importance in a consideration 
of thaw slope stability as Mackay (1972) has observed the frequency 
of high ice content soils immediately beneath the active layer in 
many parts of the Mackenzie Valley. It is possible that the depth 
and thickness of ice lenses is as much a controlling factor in 


the stability of skin flows as is thaw-consolidation itself. 


It is also suggested that thaw consolidation theory 
can, in part, predict the low angle movements found in the tongues 


of some bi-modal flows. 
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Mass movements in the tongues of some bi-modal flows 
also partake of what can be called viscous flowage and the theories 
of sedimentation and thaw-sedimentation discussed in this section 
give insight into this process. It has been shown that under 
suitable circumstances of soil composition, void ratio and rate of 
thaw that zero effective stress conditions can be maintained for 
significant times or depths in a thaw-sedimenting soil. During 
this interval the thawed deposits can only mobilize shear strengths 
due to their inherent rheologic properties and thus would exhibit 


viscous flowage. 


The theory of sedimentation might also be applied to the 
thawed deposits that can be found collecting in pools beneath 
the headscarps of actively ablating bi-modal flows. It can be 
speculated that under optimum circumstances it is possible to 
collect and maintain a reservoir of thawed dispersion, which never 
quite completely sediments. Once a critical depth or height is 
reached this dispersion then breaches the reservoir area spewing 


out a viscous slurry which flows downslope along the tongue. 


Both thaw-sedimentation and thaw-consolidation theories 
predict conditions under which zero effective stress conditions 
are maintained or can be approached during the thaw of ice-rich 
soils. Under these conditions a frictionally dependent shear 
strength cannot be mobilized and if any strength is to be realized 
it must stem from the rheologic properties of the soil-water system. 
Once the void ratio of a thawed deposit is reduced to such an extent 
that grain to grain contact is achieved, effective stresses are 
developed and a frictional strength can be mobilized. However, 
there is no reason to suppose that immediately upon achieving 
grain to grain contact that a soil suddenly can develop frictional 
shear strengths alone. For example, drained tests on remoulded, 


normally consolidated, samples of English clays reported by Bishop 
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and Henkel (1957) indicate an increase in shear strength for more 
rapid times to failure. This increase amounted to a 7% increase 
in deviator stress at failure for a 10-fold decrease in times 

to failure and suggests that even at et void ratios soils can 
exhibit a strain rate dependent, or viscous, shear strength 
component. Therefore, if a deposit at a zero effective stress 
condition can mobilize only a viscous resistance and if low void 
ratio soils exhibit a degree of viscous resistance it can be 
concluded that the relative components of friction and viscous 
resistance will vary, in some as yet to be determined manner, 
between these two limits. This point of view was taken by 
Morgenstern (1967) who added a viscous resistance component to 
the shear strength of a high void ratio marine sediment in order 
to obtain a more realistic shear strength model. However, the 
possibility of a substantiai viscous component of shear strength, 
especially in high void ratio soils, is generally overlooked in 
geotechnical practice and a detailed consideration of the problem 


is beyond the scope of this thesis. 


For this reason, therefore, the mass-movement model 
considered in this section has been formulated with the implicit 
assumption that the shear strength of a thawed soil can be adequately 
predicted using effective stress strength parameters in conjunction 
with known or predicted effective stresses. Thus while it is a 
relatively straightforward matter to discuss qualitatively, 
conditions under which flow landslides continue to deform and to 
even formulate realistic mass movement models (see Morgenstern, 

1967; Johnson, 1970) any further consideration of the problem is 
handicapped by a lack of appropriate constitutive relationships 


for a "frictional-viscous" soil. 
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However, the frictional strength model derived in this 
section is considered to be an entirely reasonable means of 
forecasting the onset of limit equilibrium and, therefore, of 


predicting conditions under which thawing slopes will be stable. 


Mass movements may be initiated by thaw-consolidation 
or thaw-sedimentation processes. Once initiated, these movements 
generally partake of some form of flow and further increases in 
thaw rate or thaw depth only aggravates the rate or amount of 
movement by either process. From a geotechnical point of view 
the models presented are adequate and we are generally more 
interested in avoiding unstable conditions than in predicting the 


gross movements involved in slope failure deformation. 


It can also be pointed out that while the control exerted 
by vegetation may play a signigicant role in the overall stability 
of thawing slopes, we shall not consider it in detail. It can be 
observed that the effect of forest fires alters the thermal 
regime at a site and increases the depth and rate of thaw (see 
Heginbottom, 1973). Increasing the rate of thaw will decrease the 
stable slope angle due to thaw consolidation response and increased 
depth of thaw can result in instability due to thawing of ice 
lenses otherwise protected from seasonal thaw. The strength of 
the vegetal mat will also affect slope stability as the mat can 
sustain considerable deformations and mobilize finite strengths. 
The observation made by Bird (1967) of a skin flow that spewed soil 
out from beneath a moss cover, Table 1.7, provides evidence of 


the strengths that can be mobilized. 
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3.4 The Ablation Problem 


3.4.1 The Solution of the Ablation Problem 


The headscarps of many bi-modal flows undergo a 
melting process properly called ablation. In many flows ice- 
rich soil is directly exposed to the atmosphere and the thawed 
soil and water continuously sloughs off and down the steep slope 
The surface of the frozen soil is, therefore, always at the 
melting temperature, aie a as the melt is removed this thawing 
process is called ablation. The simple mathematical treatment 


for this problem has already been presented in Sec 3.3.2. 


Because the ice-rich soils are directly exposed to 
their surroundings and are not protected by a covering of thawed 
soil or vegetation rapid melting rates are possible. Table 3.7 
summarizes the rates of back sapping for headscarps observed in 
the study area and for others noted in detail in Table 1.7. In 
some cases rates of movement have been averaged over 28 years 
while in others movements have been measured over portions of the 
thaw season. If we now estimate the ice contents of the frozen 
headscarps as being equivalent to a latent heat L of between 40 to 
60 cal/em? it is possible to present a graphical solution to 


E@ tacks as dn, Fig..3.12. 


For example, the Fort Simpson Landslide, Table 3.7, back- 
sapped with an observed velocity of 7.2 cm/day into soil with a 
latent heat of about 55 cal/cm?. From Fig 3.12 it is evident that 
the average flux required to cause this average velocity was 400 
cal/em* day. For the remainder of the velocities observed, ranging 


from 3.5 to 12.5 cm/day, the inferred flux is, therefore, from about 
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These flux values are much higher than the magnitudes 
of ground heat flux G usually encountered in thawing active 
layers beneath typical surface covers. For instance,. in 
Barrow, Alaska, Table 3.3, the net radiation, Ry» ata tundra 
site ranged from 340 to 155 cal/cm@ day over the thaw season 
and the maximum measured ratio of G/R, was about 0.23. Thus G 
varied from between 36 to 78 galycné day. Furthermore, it is 
evident for the possible range of RY and G/R, given in Tables 
3.2, 3.3, that ground heat flux seldom exceeds a value of about 
100 cal/cm* day for natural, vegetation covered sites. Certainly, 
if the ground heat fluxes inferred above for bi-modal flows were 
generally available for melting in active layer problems then 
typical active layer depths would be substantially increased. 


Inspecting the energy balance, Eq 3.1, and re-writing as 


G=R - LE-4H. Baek 
n 


it is argued that some combination of the components occurs in 

such a manner as to significantly increase G for ablation problems. 
It is instructive to briefly consider some aspects of the energy 
balance and its role in increasing G. The concave, parabolic 

shape of many active bi-modal flows may tend to concentrate or 

focus radiation and thus increase Re The RO impinging on the 
typical scarp face may also be higher compared to the values in 
Table 3.3 because the scarp face is inclined to a horizontal surface 


whereas the RO values quoted were measured on horjzontal surfaces. 


As the noon angle of the sun at 65° North latitude is 
about 45° during the summer season, the mean daily angle will be 


considerably lower. Thus, a considerable increase in Ro might be 
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expected for a steep surface inclined more nearly perpendicular 
to the sun's rays. Furthermore as the albedo of the dark wet 
surface typical of ablating headscarps will be lower than the 
albedo of a natural vegetated site (see Table 3.1), R, will also 


be increased as predicted by Eq 3.3. 


The LE, or evapotranspiration, component of Eq yy 
usually accounts for a considerable proportion of the energy budget, 
see Table 3,2, and substantially reduces the Ro available for 
thaw. However, along the headscarps melt water is rapidly removed 
away from the system. Thus, while there is high potential for 
evaporation it may be argued that the ratio LE/R | is small along 
the headscarps. If this is the case then G will be increased 
compared with the usual situation and as evaporation can typically 
account for 150 to 200 cal/cm* day the effect may be highly 


significant. 


Circumstances under which the third component, H, may 
also change so that G is increased can also be envisioned. The 
magnitude of H is dependent upon the wind velocity which influences 
the rate of heat extraction out of the system. As bi-modal 
flows are always found set into or depressed into the surrounding 
terrain the ablating scarps will be sheltered from the wind and 
the flux available for ablating may be greater. It can also be 
noted that while H usually enters Eq 3.1 under the negative sign 
the sign may be reversed for the headscarp region. As the soil 
surface near the headscarp is maintained at o°C the air immediately 
adjacent will also tend to 2G. However, this air being more dense 
than the surrounding air, some air will sink creating a density 
current. This current could then bring warm air from out of the 
system and by entering Eq 3.21 as a positive term increase rather 


than decrease the ablation flux. 
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3.4.2 Implications 


Field exploration at site HU1-1 (see Appendix A) on 
the Hume River has confirmed certain aspects of the conditions felt 
to be applicable in the headscarps of bi-modal flows. Drilling 
in the GLB soils adjacent to an inactive flow has revealed a 
clay with water (ice) contents in the upper 20 to 30 ft of the 
deposit of from 1-1/2 to 3 times the liquid limit which is about 
487%, in a soil with average clay content of 45%. The high 
ground-ice contents in conjunction with a thawed soil at average 
water contents well above the liquid limit could permit an 
ablation mechanism to sustain itself once the process is 


initiated, 


While it might be expected that bi-modal flow activity 
would be favoured on slopes with a southerly view this is not 
always the case. For example, Kerfoot (1969) describing bi-modal 
flows on Garry Island found that more than 80% of the observed 
recessions occurred during July and August and active flows were 
reported with aspects on all points of the compass. Kerfoot also 


observes that while: 


"it may seem easy to conclude that slope aspect 

is a dominant factor influencing scarp retreat 
seeeeee (however)....,.. comparisons made 

between stakes located around the same mudslumps 
revealed that the maximum retreat did not always 
occur on the slopes with the most southerly aspect," 


This effect may be partly caused by the fact that the sun 
will not set during these summer months and solar radiation, especially 


on steep slopes, will be received on all slopes. 
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Both Kerfoot (1969) and Mackay (1966) also note that a 
certain portion of the measured recession rates of the headscarps 
results from erosion by running water which causes the formation of 
so-called badland topography. This feature has not been observed 
in the study area. However, if it causes a significant amount of 
erosion the magnitude of the flux predicted by Eq 3.13 would 


have to be reduced accordingly. 


The magnitude of the movements produced by active bi-modal 
flows are catastrophic. For example, a flow initiated in a 30-ft 
high bank ablating at a rate of 25 ft/yr would, if it produces a 
3° angle tongue, back-sap some 550 ft over a 22 yr period. The 
geotechnical implications of these movements are self-evident and 
point out the possible hazards involved in artificial cuts in ice- 


rich soil. 


3.5 Other Processes in Thawing Slopes 


Rotational slides, Fig 2.1, can be found in association 
with thawing permafrost soils under certain specialized conditions. 
Rotational failures can be found in the headscarp areas of MR flows 
if the headscarps are made up of frozen sands or silty sands. For 
example, at the Fort Simpson Landslide, Appendix A, a section of 
the headscarp has failed in a rotational manner and two auger holes 
both advanced to a depth of 12 ft confirm that a thawed silty sand 
was involved in the movement. It appears at this site that a thaw 
interface has advanced well into the sand before failure has occurred. 
As the sand will likely be ice-poor it will be thaw-stable and further- 
more it will not ablate. As a typical exposure will be covered over 
by the intact upslope vegetation mat thaw can only proceed in from 


the face of the exposure which, in turn, will be stable at angles 


BST LOM 4 


s gba! e ton wai (oer) geaasM, bas. (eager) sees aie d20f_ ; 
gqreoeabsed. sft do en ies nobeesasa bewseson odd to mo tszog . Pe 
to nok jaaize% oda ebatsa Hod: red aw anhinown yd noisorta to 1 | 
bavisatio neat aon anal pds aig? - tagewgnges braibed & 
to anuome tiesitingfe 8 aeeubo ai 2d hs ieee «boxe hue 4 

biuow £L.£ pa vt bodpkbewg xu afd Qo sbu ding add o k 0% : 
~e4es | ‘etgahbses8 beoubox od 03 ay x 


a if | 


ty 
ar! 


febom~td visas ¥ wd bsovbotq addemeyom edt % sbustng en oft a 
#2-0E 6 ot betetitnl wort & SP qmexs ws -obeqo339ada9 igs 

gs. goouborq, 44 Fi .blvew, w\32 @S Ro o3e% B a8 gatiaids a 

siT  .bojieg ty SS.s wo 43! O22 xio@ gee-doad poaenie ~ 

bos icdbive-tise s3s eahensvem saont te. ‘eno tied gmk ie ates 8g 
~so4 ni eduo Ietotiliva nt bavTovat abrasad. settnny 9 30 


ay 
4 igi 
= ’ 


ib eh) T alge i .; iM 

foresees sd ‘baught adh, £82 acs sit aint ao k30305 vit ' 
,enoisibaog bes tH stsaqel agsioo ab Bian atta! quotantog’ ai 
awol? dio deote gunsabserl alan aves of ar) tet 


1%  .ebase vata: 19: obama cme. deh anaes 


io 
estan: 


buse 


En 


a. ee a eh eaafds Jon Likw 3E stom 
43 Ju motaasqyey egoisqy sound i 


sain rd vanesconelae a 
gaigne ds sfdete ogc 


47) 


approximately equal to the drained condition. As the thaw 
proceeds further into the bank the seepage paths become longer 
and pore pressures start to back up in the slope and failure 
finally occurs. It is interesting to note that this process 
is one of the few circumstances in which rotational failures 


can be caused in sand. 


Rotational failures can also be found in the fluvial 
deposits found adjacent to rivers in the study area. These failures 
appear to be associated with already thawed soil and will be 


discussed in Chapter VI. 


Mass movements in the tongues of bi-modal flows may also 
be aided by undrained loading, a process which has been discussed 
in detail by Hutchinson and Bhandari (1971) for flow landslides in 
temperate regions. When masses of colluvial debris are detached 
from the headscarps of bi-modal flows they come to rest at the base 
of the scarp. The weight of this falling debris acts as a total 
stress increment and sets up an increment of excess pore pressure 
equal to the increase in total stress. If the underlying soil 
is relatively impermeable this excess pore pressure is not 


immediately dissipated and thus aids in sustaining low angle movements. 


It can be noted that while it might be argued that undrained 
loading is responsible for the excess pore pressures measured at the 
Fort Norman Landslide (see Sec 3.3) it is not considered likely. When 
visited, the headscarp of this landslide was not actively ablating 
and a skin of desiccated soil covered the underlying frozen clay 
which was found at a depth of 18 inches horizontally into the 
headscarp. As the site was visited early on in the thaw season, 
in the latter part of June, it is unlikely that any failure could 


have occurred which would account for the measured pore pressures. 
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Furthermore, the surface of the silt-run in which measurements 
were made was very smooth and there was no evidence of recent 


colluvial debris which could have caused undrained loading. 
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TABLE 3,1 ALBEDO OF VARIOUS SURFACES 


Surface Albedo (%) Source 
Light sand 30 - 60 Geiger (1965) 
Sandy soil 15 - 40 . 

Fields 12 - 30 ” 
Woods 5 - 20 a 
Dark soil 7 - 10 ‘ 
Water Surfaces 3 - 10 


Tundra surfaces: 


1. Shrub 16 - 17 Haag (1972) 
2. Wet sedge 18 - 25 : 
3. Winter road 4a-al8 y 
i, burn 10 E 


Borel Forest: 
1. Forest 14 


2. Seismic line 13 u 


Seeding Experiment on 
Winter Road: 


Control 15 - 
Spring after use 8 er 
lst growing season LYS me 
2nd growing season 13.2 | ue 


3rd growing season 14.0 


(SV@L} gesk 
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TABLE 3,2 RATIOS OF COMPONENTS OF THE ENERGY BALANCE 


SS 


Period of 


Geyer Observation 


= Comments Source 


Alpine Tundra Mid-July noon Opes 1062) a0). 22 California Mtns Terjung et al 
(1969) 
Lichen Daily avg 0.10 0.56 0.34 Sub-arctic site Rouse and 
5 days in July near James Bay, Kershaw (1971) 
Ont. 
Old Burned Daily avg 0.15 0.50 0.36 
Lichen 4 days in July 
Tundra 1 June 0.20 0.50 0.3 Tuktoyaktuk, 2-week Haag (1972) 
15 June OR ZO OS Oly, averages. Albedo 
1 July OSes Oe D0 On4> constant at 0.15 
15 July 052.0) 0). 50/8053 
1 Aug O23) 067/80) O20 
15 Aug 0.20 0.65 0.15 
Winter Road 1 June 0.09 0.77 0.14 Norman Wells, 2-week 
15 June O26) 06425 01,32 averages. Albedo at 
1 July 0.18 0.30 0.52 0.10. 
15 July 0.20 0.46 0.34 
1 Aug 0.26 0.60 0.14 
15 Aug 0.26 0.56 0.18 
Tundra 20-22 July 0.04 0.29 0.66 Chitistone Pass, Brazel (1970) 
9-11 Aug 0.02 0.96 0.02 Alaska 
Spruce July to Aug. 0.27 Mackenzie Delta, Gill (1971) 
Measurement at base 
of spruce canopy. 
Tundra 27 June 0.17 Barrow, Alaska. Mather and 
5 July 0.13 Tundra surface became Thornthwaite 
15 July 0.14 drier in August. (1958) 
25 July 0.15 
5 Aug 0.17 
15 Aug O23 


25 Aug 0.23 
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TABLE 3.4 CASE HISTORIES FOR RATE OF THAW 
Measured Predicted 
Step 
Cod 
he as % Gove Temperature Soil Profiie x 9) Conunent¢ 
em/s cm/s 
il 
z 0.024 T 8.3 avg Avg w/e 35% 0.036 Salix Alnus 
Gili (19/1) 
2 0.027 P 
3 0.030 P 8.6 avg: Avg w/e 23% 0.042 Salix Equisetum 
Gill (1971) 
4 0.040 P Sia.eve" Ave w/e 20% OSGL bee GCL aceisn 
Gill (1971) 
5 0.025 T 7.8 a5 Organics and 0.035 Picea, Gill 
silty clay (1971) 
Avg w/c 35% 
6 0.030 P 
u 0.030 be At 3 in depth Tundra soil 0.021 Drew (1958) 
mean 4°C Avg w/c 60% 
estimated 
surface 5.0 C 
8 0.041 P Mean, measured Estimated 0.030 Kelley end 
surface temp w/e 35% Weaver (1969) 
6°. 
9 0.033 r Thaw index- Avg w/c 35% 0.029 18 cm organic 
thaw season = in silt and soil at surface, 
5.8°C from air clayey sand Aitken (1965) 
temp. 
10 0.059 T Thaw index - 6 cm peat w/c 0.043 Aitken (1964). 
thaw season = 56% over silty 
10.5°C from clay, avg w/e 
air temp. overall 30% 
tl 0.053 A Avg soil Diamicton: sand, 0.052 Site ES6, TCS 6B 
surface temp silt, clay. Avg No organic cover 
rey w/c 20% Washburn (1967) 
12 0.058 at Avg soil Diamiction. Avg. 0.053 TCS 7B No organ- 
surface temp w/e 17% ic cover. 
11°C ,2 Washburn (1967) 
13 0.067 T Avg soil Diamicton: Avg. 0.060 TCS 7A. No 
surface temp ice tentents organic cover 
15°C 22% Washburn (1997) 
14 0.025 UAL Monthly mean Silty clay. Avg 0.041 Sparse 
surface: 10°C w/c 30% vegetation 
Powell (1961) 
15 0.044 T,P Monthly mean Sand with clay 0.054 Sparse vege- 
surface: 11°C lenses avg w/c tion. Data is an 
20% average for 2 
stations 
Pow21l (1961) 
1, T, deduced from average of thaw index, mean of maximum and minimum 


measured surface temperature and surface temperature extrapolated 
from temperature gradients. 


2, Average soil surface temp from extrapolation of measured gradients 
Code T = depth of thaw fcon temp. profiles Code P: depth of thaw from probing. 
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TEMPERATURE 


SURFACE 


1 36 


SITE: {IC oOp 


25 cm snow 23 May gone 4 June 


JUNE JULY 
after: Washburn (1 967) 


Fig 3.1 Ground surface temperatures in the Mesters Vig 
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Fig 3.2 Rate of thaw for sinusoidal surface temperature 
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Fig 3.4 (continued) 
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Fig 3.5 Comparison of measured and predicted rates of thaw 
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Fig 3.7 Infinite slope analysis formulation 
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analysis in terms of the ratio R 
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FORT NORMAN SILT 
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Fig 3.10 Void Ratio versus effective stress, permeability 
and coefficient of consolidation for Fort Norman 
Silt 
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Fig 3.11 Characteristic hindered settling and post- 
sedimentation settlement behaviour 
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INSTABILITY IN FREEZING SOILS 


4.1 The Phenomenon of Pore Water Expulsion in Freezing Soils 


When an ice-water interface advances through a freezing 
saturated soil it can be observed that under certain conditions of 
soil type and stress level that water is expelled away from the ice 
interface. While it is widely known that water is attracted or 
migrates towards a freezing front, it has not hitherto generally been 
recognized that an opposite or expulsion process can also exist in 
freezing soils. Furthermore, it can be shown experimentally that 
those soils which usually are considered to be frost susceptible, 
that is, they attract water, can be rendered non-frost susceptible 
and be made to expel water under certain conditions of stress level 


and freezing rate, 


The geotechnical implications of this expulsion phenomena 
can be severe. When water is expelled by an advancing freezing front 
positive, excess, pore pressures can be set up in both open and 
closed systems. These high pore pressures may contribute to a wide 


range of instability problems. 


The phenomenon of pore water expulsion is widely discussed 


in the literature. Taber (1930)was apparently the first to note that 
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"some soils, when kept saturated with water, freeze 
with no uplift of the surface ..... some of the 
water must be pushed downwards by the growing 
ice crystals and expelled from the soil." 


Beskow (1935) reports on a series of freezing tests on a till 
broken up into a range of samples of different grain sizes. He 
finds that coarser-grained saturated samples underwent a loss in 
weight during open system freezing tests while finer-grained samples 
gained weight. Although Beskow attributes this loss in weight to 
sublimation of ice during the progress of the test his data is not 
inconsistent with the concept of pore water expulsion. Im a trans- 
lation of his earlier work it is evident that Shumskii (1964) is 
clearly aware of the existence of pore water expulsion in coarse- 
grained soil. Shumskii comments that large pore water pressures can 
result from blocked drainage of expelled pore water and that the 
phenomenon also accounts for certain natural ground ice types. 
Khakimov (1957), citing the results of earlier laboratory testing 


by Sumgin, states that 


"part of the water is squeezed out during the 
freezing of saturated sand, i.e. the moisture 

of the sand decreases as a result of the 
expansion of the water during its transformation 
into ice." 


Khakimov also reports on certain field observations made during the 
freezing of an annular shaft in saturated sand and comments that the 
rise of water in an adjacent borehole is due to the expulsion of 


water. 


Balduzzi (1959), freezing saturated silts in an open 
System, also observed the expulsion of pore water. Wissa and Martin 
(1968) find that when saturated Ottawa sand was frozen in a closed 


system with free axial expansion allowed, heave and a positive pore 


pressure was recorded. When an identical sample was frozen in an 
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open system water was expelled from the sand during the freezing 
process. Expulsion of water during the freezing of sand is also 
reported by Castro (1969) and Chamberlin et al (1972) note that 
excess positive pressures can be set up in sand samples being 
frozen for testing purposes if drainage is not allowed during 


freezing. 


It is generally accepted that the cause of water expulsion 
on freezing stems from the fact that when water freezes into ice 
its volume expands by some 9%. When the pore water in soil freezes 
it also undergoes this change of state volume change. This process 
is best seen by considering two models in a freezing soil, Fig 4.1. 
The first, a closed system, is created when a sample in a container 
freezes from the top and no drainage of pore water is allowed at 
the base of the container. Conversely, an open system results when 
a free flow of water is allowed either into or out of the container. 
Now, if a saturated incompressible soil is placed in a rigid 
container with smooth sides and frozen from the top in a closed 


system a volume expansion AV of 


AV = 0.09nV 4.1 
where n = porosity 
V = total soils volume 
0.09 = percentage increase in change of state volume 


will result, see Fig 4.1. However, if the same soil is frozen under 
an open system a volume of water predicted by Eq 4.1 will be expelled 
from the soil with the result that no heave or volume expansion of 


the soil will be observed. 


Wissa and Martin (1968) present results of freezing tests 
on saturated Ottawa sand for both open and closed systems. Their 
data, Table 4.1, indicates an excellent agreement between predicted 
heave or volume expulsion and measured values. Castro (1969) applies 
Eq 4.1 to saturated sand samples in order to calculate the initial 


porosity of samples before freezing. 


\ 


sulsso1? od gakzib base 9d2 mort bellequs ead st me s8qo 
cals Bi base 20 aaksiea ‘odd anid seni to potelugel . | 
4e83.S30n (S08l) Ds Je ak! vednidd baa (eaery ot3e80 yd ha 
gcied eaiqnse basaat gy Jae od say soxueestg shinee : 
an y bswolls Jom Sat aganiesp XE bac hadal Leu gi vee 103 1 meson a 


ia 


“a a 2 


; 138 . ae ie 7 
jotelugqya xwetew to seuss ott Sauk batqsgns eitasoneg sad a ite 
got dint eeseoat tetew werw Jens Poet odo mek anode eis 
aasge7? ‘bios ob a9sa0 a40q oif3 ‘gsi wae onde we ebnaqes oa 
gesooxg eiil .ogasdy smblov agBse ‘he agaado eka as0grsbay 9 
f.8 aft .[ioe goiseoxvi © at dlaboo owe perzabiasoo yd 0988 atest 
vapteinoos 8 ni Siquee = satw hadasr a2 ,mosaye bsacls & 2838: 
te bawolls eb 3S34w eaog Jo) spsnkexb on bar qos ‘old mo 
astw Sifvesx metjeve nego a8 .vieereveuo .senketnos of2 to wails 
. XS Leones af to tuo 10 oank raddie bewotls af sedow 36 wold a9 
bigtz eof besslq 2% f40e sidieesrquognt bssamiss a4 

bsscls 6 at got sid moa? osso42 bas ashke dioote Bake | 


45 Va nieienabial ‘aaetae 8 


BS ettey slay’ aidne~fanod “'¥ as) 
snus LoVv 59698 to Pare: mk seasroal inane ae ae 


n 


~ 
qsbow ngsox? ‘et ior omée ‘ale at aes ee a gt? ona eee | 
boliaqxs od SS iw Ee pl yo beaahherg 19 dew to ‘amufov: & mo daga ‘oe an 
Yo soleansexs ahwlov xo: ovaart on saris divest sda daw Lies Ps 
| \  sbewmeedo od Utw Liew aia 
saan ) gabsess Yo 2dfvess seas ‘diaety sidzal baa” seul pes 
tiedT  amedeye bogols boa megp dad wi bose “awasa0 ; ez ss 
badtotberq nsewsed snomiassge-ieelt Looks. 2B asaeoibnt of al oder 
svitoga {200t). objec) ~. Mebiag Soaiaiee tne outelduue aantoe cy oem 
{sttier of3 s3aluzico o3 wbto mi eaiqmas base botem3ee oF La pa 


ee see mast Sy 


% 


154 


It has not, however, been widely recognized that finer- 
grained soils may also expel water under certain conditions. It 
is known that fine-grained silts and clays attract water towards 
a freezing front and that the application of a suitable surcharge 
can inhibit this migration. However, once the tendency to heave 
has been depressed, pore water can be expelled away from an ice- 


water interface. 


It is generally accepted that frost susceptibility is 
characterized by an attraction of water, manifested by heave or 
heave pressures, and the growth of ice lenses. The traditional 
method of discrimination between frost and non-frost susceptible 
soil has been made solely on the basis of grain size characteristics, 
and Townsend and Csathy (1963) conclude that the pore size 
distribution is the soil property which has the fundamental and 
primary influence on frost action. That is, fine-grained soils 
heave and develop ice lenses while coarse-grained soils do not. 
However, as it can be shown that frost susceptible soils can be 
rendered non-frost susceptible in that water is expelled away 
from an ice-water interface, it is evident that a distinction 


based solely on grain size is unsatisfactory. 


This conclusion that grain size is of fundamental and 
primary influence was reached in spite of considerable evidence to 
the contrary that suggests that stress level is important. Beskow 
(1935) was apparently the first to observe that increased pressure 
causes a decrease in heaving rate in a silty soil. Beskow manipulated 
the stress levels by changing either the surface load, the pore 
water pressure or combinations of both and found that the heaving 
rate was identical for identical combinations. The larger the 
pressure differential across the sample the slower the heaving rate. 
As pointed out by Wissa and Martin (1968) this is nothing more than 


a straightforward application of Terzaghi's effective stress principle. 
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Similar observations were made by Vialov (1965) who 
changed both effective stress levels and drainage conditions in 
freezing samples of silty loam and clay in order to prepare 
artificially a range of samples for creep testing. As summarized 
in Table 4.2, Vialov found that at higher effective stress levels 
both the silt and the clay soils lost their tendency to attract 
water and underwent no volume increase for free swell and open 


system boundary conditions. 


It is well known in highway practice that ice lensing may 
be stopped by applying a large enough overburden pressure, It is 
also appreciated that if a suction is applied to the pore water in 
the still unfrozen soil below a freezing front that ice lensing and 
heave may be stopped. This stress-dependent nature of frost 
susceptibility has, therefore, been understood for many years and 
stress levels have been manipulated in practice to control frost 


susceptibility. 


The contention that fine-grained soils could be made to 
expel water has been investigated experimentally. Saturated Devon 
silt was frozen uniaxially under an applied total stress and under 
conditions of no axial restraint. Tests* were conducted by freezing 
from the top in a closed system and measuring pore water pressures 
at the base of the sample or by freezing in an open system and 
observing flow direction in a burette. At low total stress negative 
pore pressures were noted while at high total stresses positive 
pore pressures were measured. When the freezing system was expelling 
water no heave of the soil surface was monitered. For Devon silt 
overconsolidated to 7 kg/cm the stress level K at which zero pore 
pressures or no flow occurred was 0.3 kg/cm”, Table 4.3. That is, 
at a total applied stress of 0.3 kg/m? no flow occurred in either 
direction and as the pore pressures were zero the value K expresses 


the effective stress level at which a freezing Devon silt changes 


(*Unpublished tests conducted by E.C. McRoberts & J.F. Nixon, 1971) 
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behaviour from attraction to expulsion of water. 


Once a freezing test is underway, it is important to 
confirm that a condition of no axial restraint is developed between 
the side of the sample container and the frozen soil overlying the 
yet unfrozen soil because if substantial friction was developed the 
total stress applied to the sample would be unknown. In order to 
inspect this condition the following test was made during the freez- 
ing process. Under a closed system, an increment of total stress 
was applied and the resultant change in pore pressure measured. 
That little friction was developed was demoiustrated by the observation 
that the immediate change in pore pressure equaled the total stress 


increment. 


Similar tests were performed by Arvidson (1973) and are 
summarized in Table 4.3. It is noteworthy that the pressure at 
which expulsion began is slightly different depending on the 
technique used to measure it. Furthermore, the test results suggest 
that the critical stress level at which migration of water changes 


sign is also dependent upon the rate of heat extraction. 


The test data presented suggests that the following 


equation may be written to describe the experimental results; 


that is, 
Nit ete eK 4.2 
where V = total stress 
u = pore water pressure 
K = a constant to be derived experimentally 


Eq 4.2 is simply the statement that when the effective 
stress immediately beneath a freezing front in a soil reaches a 
certain critical level K that attraction of water towards the 


freezing front is no longer possible. 
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Considerable insight into the prediction of the expulsion 
phenomenon may be gained by a consideration of the capillary effects 
model as summarized by Williams (1967). The capillary model suggest 
that the ice-water interfaces seated in the pores of a soil are 


curved. A pressure difference exists across this interface due to 


or 


Ss 


the interfacial energy of the interface and this pressure difference 


established on freezing is given by 


Vi - uw = ¢ 4.3 
where ie = stress in the ice 
and u = pore water pressure 


and where C is a constant for a given soil 


Te 
C = yon C.4 


r 


= 
Ie 
(D 
K 
@ 
A 
= 
I 


surface tension ice-water 


5 
H} 


equivalent pore radius of the soil 


Two conditions are predicted by Eq 4.3. If the stress 


level established on freezing is less than C, water migration occurs 


towards the interface and an ice lense grows. If the stress level 


C is exceeded, ice propagates through the pores of the soil. 


Except for the case in wnaich a thick ice lense has 
established itself there is no reason to suppose that the stress in 
the ice Vi is exactly equivalent to the total stress V at that 
level. For example, if we imagine a soil under a hydrostatic state 
of stress about half of the total stress is carried in the soil 
skeleton. When ice forms in the pores of the soil it can be argued 
that some portion of the total stress may still be carried by the 
soil skeleton and, therefore, V i is not equal toV. However, 
assuming, as does Williams (1967), that (Vi =) then the 


capillary effects model predicts that 
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which is analgous to Eq 4.2 if (C = K). Thus, the capillary model 
can be interpreted to suggest that in a given soil, water migration 
due to the freezing process can be caused to change direction. 
Furthermore, the critical stress level predicted by Eq 4.4 by 
Williams (1967) and which is from 0.15 to 0.5 elem is of the same 


order of magnitude for the silty soils reported in Table 4.3. 


The test data presented in Table 4.3 confirms experimentally 
that pore water can be expelled From a fine-grained soil. While 
there is some theoretical justification for Eq 4.2 in the predictions 
of Eq 4.5, it must be emphasized that there may be other variables 
influencing the phenomenon of water expulsion which are not embraced 
in either equation, Firstly, the rate of heat extraction could 
easily affect the efficiency of the process and the influence of 
step temperature, Table 4.3, suggests that such an effect cannot be 
ignored. The tests performed by Arvidson (1973) also suggest that 
stress history affects the response of the soil on freezing. It was 
observed, Table 4.3, that for tests conducted under the same step 
‘temperature ,that overconsolidating the soil reduced the critical 
stress level. Furthermore, this observation is contrary to what 
would be predicted by the capillary effects model. Eq 4.4 suggests 
that as the soil becomes progressively more overconsolidated the 
critical stress level should increase rather than decrease because 
one would expect a decrease in the radits r with decreasing void 


ratio. 


4.2 Mathematical Models 


(i) One-Dimensional Models 


In formulating the following models it is assumed that 


when a freezing front advances through a saturated soil, water is 
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expelled in accordance with Eq 4.1 at all effective stress levels; 
that is, K = 0. In order to keep the development as general as 


possible,a relationship of the form 


AV = EV 4.6 
where <0.09n 4.7 


is assumed to allow for those cases in which less than the complete 
change of state volume is expelled. Thus, Eq 4.6 allows for fine- 
grained soils with high unfrozen water contents or for freezing 
rates at which Eq 4.1 is not applicable. It is further assumed 
that the still unfrozen soil beneath the freezing front reacts 


is an incompressible medium. 


When freezing in a closed system, large positive pore 
pressures will result due to the increase in change of state 
volume. If a soil is frozen uniaxially, under conditions of 
nominally free axial restraint, and is expelling water, a positive 
pressure equal to the overburden pressure plus any mobilized 
frictional restraint will be developed. If a saturated soil is 
frozen in a closed system and is expelling water under conditons of 
no volume change then very large positive pressures will, theoreti- 
cally develop. Within the assumptions made, the solution for the 
pore water pressure in the free heave closed system is trivial. As 
the soil beneath the freezing front is saturated the expelled water 
cannot be forced into the soil and the pore water pressure is 
instantaneously made equal to the overburden pressure. The water 
expelled will either freeze in tle pores, form ice lenses, or cause 
hydraulic cracking and be extruded to the surface. Cracking, surface 
icings, as well as ice lenses were observed by Castro (1969) who froze 
sand samples in closed systems. By quickly immersing saturated sand 
samples in a glycol and dry ice bath at -50°C a closed system test 
configuration was effectively reached after a few seconds. Due to 


the destructive nature of this freezing on his samples, Castro changed 


to open system freezing. 
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As these closed system forms of freezing are not felt to 
be as important in geotechnical application as open systems they 


will not be considered further. 


Let us consider an ice-water interface advancing at a 
rate dy/dt through a saturated soil expelling water according to 
Eq 4.6. In atime dt a volume of soil dy will be frozen expelling 


a volume of water dv where 
dv = E dy 4.8 


and the flow F expelled in a time dt is 


dt dt 4.9 


When the flow F is expelled on freezing and if, as commonly 
observed, there is no heave of the frozen soil surface in an open 
system.then the expelled water must be made to flow through the still 


thawed soil. This flow is assumed to be governed by Darcy's law 
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BY i= slot: 4.10 


where k = soil permeability 


i = hydraulic gradient 

A gradient i must, therefore, be established at any time t such that 
the imposed flow F can be discharged through the still unfrozen soil. 
The maximum excess pore water pressure that must be set up to cause 
flow will occur at the ice-water interface. Thus positive excess 
pore pressures are generated in response to the flow boundary 
condition and they result from the impeded drainage in the still 


unfrozen soil. 


Consider a sample of a saturated soil of length L freezing 


and expelling water one dimensionally through an open system against 


Gof. 
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an external head L maintained in the pore water at the base of the 
sample. If at a depth (y = Y) measured from the top of the sample 
the advance of the ice interface (dy/dt = 0) or if (E = 0) then 
the flow F will be identically equal to zero. On the other hand, 
if (dy/dt, E> 0) then 


F=E ay = ki 4.11 


Expressing the head H as the excess head required to cause a flow F 


to be discharged then 


4.12 


and it follows that 


H = E (L-y) = dy bo1s 


k dt 


The pore pressure at the ice water interface at (y = Y) is then 

Cues (Y + H) where oy is the unit weight of water. Clearly the pore 
pressure cannot exceed the total stress at depth Y. It follows, 
therefore, that the effective stress level in the still unfrozen 

soil below the ice-water interface can rapidly approach zero depending 


upon the relative magnitude of E, dy/dt, and k. 


This model is based on the assumption, stated earlier, that 
the critical stress level K is equal to zero. This is a reasonable 
assumption for coarse-grained sandy soils. For finer-grained soils, 
the effective stress level would tend to approach a magnitude K as 
predicted by Eq 4.2, instead of becoming zero. It is argued that as 
the effective stress level is reduced, by impeded drainage, to the 
critical stress level the pore pressures cannot exceed a value 


(u< 0 - C) as attraction rather than expulsion would now occur. 
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But with the onset of attraction of pore water the pore pressure 

will be reduced as there is now no expulsion flow to build up 
pressure. However, as there will be a concomitant increase in 
effective stress Eq 4.2 now governs the freezing process and expulsion 
re-occurs. Thus, it is suggested that for a soil with a non-zero K 
value the effective stresses tend to the critical stress level rather 


than zero. 


(ii) Two-Dimensional Model 


Fig 4.2 outlines a more general model in which a flow F 
is applied to a region bounded by two impervious boundaries. At 
any time t it is assumed that the region of still unfrozen soil is 
contained in the region (O<x<L, O0<y<B) and that an open system 
is created by allowing free drainage along (x=L, O<y<B). It is 
required to find the head H that will cause all the water created 
by the applied flow F to discharge through the region of permea- 
bility k. 


Assuming that the soil is a rigid incompressible mediun, 


the Laplace equation 
k (v* B) = 0 4.14 


governs flow where @ is the velocity potential and H is the excess 


head or excess pore pressure causing flow and which are related by 
G= -kH 4.15 


A solution can then be obtained using a separation of variables 


technique and the details of the solution are given in Appendix D. 
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The solution derived in Appendix D can be expressed in 


terms of three-dimensionless variables as 
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and is presented graphically in Fig 4.3. 


A solution for the excess pore pressure consequent upon 
expulsion in a two-dimensional open system can now be obtained by 
solving Eq 4.9 for the flow F and by then introducing the value 
obtained in Eq D.25 or in Fig 4.3. 


Both the open system models studied have assumed that 
the still unfrozen soil reacts as a rigid incompressible medium or 
that there are no transient or time effects to be considered in the 
solution. The solutions predict that if a flow F is applied at the 
interface,a head H is instantaneously required to satisfy the 
condition of no heave. As the rate of advance of the freezing front 
changes, so the flow F and thus the head H changes. For soils with 
a non-zero critical stress level it has also been argued that the 
effective stress level approaches the K value rather than zero if 
the drainage is severely impeded. This conclusion is based on 
quantitative arguments alone, and it is to be noted that as the 
freezing process in soils has not yet been completely understood 


this conclusion is still somewhat tentative. 


The analytical solutions presented pertain to rather 
simple geometric boundaries. Given the power of the various 
numerical techniques available today it is evident that complex 


geometric regions, with varying flow boundary conditions resulting 


oO4 


ai boaesnyee sd) mex. 


Ohad 
are a mk t ehtsailaass bosnonara § 
qu "a 
soqu. JaetpHEenos Baue8sug ara, e6eoxo ena "0 3- noijeloa A. 
yd benisido sd) won mes mesaee RAO soo benomtb-ow3 Bi 
Gulsy sc emmeria nsht xd bar Yi wold od 502: ea os | 
a gt ae <0 ER.CipMi ad sak a 
% fa py. 
wats bemseee syed. batbule acti eaves. neue ada bain. oth 
4o. mathe atdiepsrqaandt bigkt s. ab godana, Thea, ae ay Li ide 


oda ot boapbieaoo” ad gs easenas: Smet. TO, Ipekennts og amr 
sus as bexiuas ee TD Walk! a 4k send apibowy “anoiaaton st le kta o 
end’ Xietsse o9 betivpes qlavosisdmagent af basenct Re a ; 

dno gitsao it ens Ye aonavbe 20 aden sid) BA seveedtven 26 st | ii 

idiw ebtoe aod. .asgbiet A been ila aul Bs Ywoll-s 910% 

ada Tedd baugze asad: opie, asd, tk, Tevel ezorae Daghaead ¢ oda 

2¢ c795 aefd asifter sole H 90d, padoRozqqa devel eeet3a avikac 

no beasd et: sokautones anal bobinaat glanevee ak vnaie o 

‘pegs. ae tas! pexoned'os Bk 3 bane seeagniaaisk Las 

SOE RIN ARERR moed 30%, Joo ead al toe nk 

) | -oviseaned sedwacoe ihige aks saul 

alii 03 niatiag bo anbeang : enoitutoe Ligh agen - 

avpstay e821 a9. SH Ben: sehen | 

x81 qnoo: del? 309 +8 at + Up 


grisivest enotabbaoy Pasa ee wien in. 


- das ra sims 


iO fog © yes: 
7 a) ? oe 


164 


from varying magnitudes of E and of freezing rate, can be easily 
modeled. For example, a finite element technique was used to solve 
the problem shown on Fig 4.4 and the close agreement with the 


analytical solution is evident. 


The prediction of the rate of movement of an ice-water 
interface, dy/dt, involves the solution of the thermal boundary 
condition of the freezing problem. A review of some useful 


analytic solutions are presented by Nixon and McRoberts(1973). 


4.3 Some Consequences of Pore Water Expulsion 
(i) Mass Movements 


| When the expulsion of water away from an advancing freezing 
front results in excess pore pressures due to impeded drainage the 
effective stresses in the underlying soil are also reduced. As 
reduced effective stresses result in decreased soil shear strengths 
it is possible that unsafe conditions may be created beneath a 
wide range of engineering structures and one might cite problems 
involved with chilled pipelines and artificial offshore islands. It 
can be noted that this mechanism may also play a role in the movement 
of glaciers which advance over sediments, freezing them, and causing 


expulsion conditions. 


Let us now inspect an example problem, Fig 4.5, and consider 
the conditions that will result at Point A if water is expelled on 
freezing. Under a constant step temperature,the thermal solution 
follows from the Neumann problem (see Chapter 3) and the rate of 


advance dy/dt of the ice interface is 
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ey. bb x aby 


dt ZV t 


and from Eq 4.9 


i! 


F (y) ——— 4.18 


At the surface Eq 4.18 predicts that F is infinite. This is an 
inherent characteristic of the Neumann problem and although a time- 
dependent temperature condition could be considered the example 
would be needlessly complicated. Let us consider the problem after 


the freezing front has advanced into the soil. 


The solution for ® for reasonable thermal properties is 
X = 0.07 cm/s*/2 and assuming E = 0.09n (and with n=0.40) then 


Breateelon ene 


F(y) = a: 4.19 


Nb cm 


A solution to the flow-specified problem for point A(y) can then be 
obtained from Fig 4.3 using (x/L = 0). As it is assumed that the 
water table in the gravel remains at the insulated surface, the 
maximum excess pore pressure that can be set up at A(y) equals the 
effective stress at that depth. That is, we are assuming that the 
critical stress K is zero. The solution on Fig 4.5 is presented in 
terms of minimum permeability required to cause zero effective stress 
conditions at A(y). It should be noted that in this problem that a 
finite rate of advance of the freezing front is predicted at a 

depth of 100 cm so that the effective stresses will always approach 


zero along the impervious boundary regardless of soil permeability. 
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The range of permeability predicted for zero effective 
stress is in the range of K values for sand and silty-sand which 
should expel water under the stress levels implicit in the problem. 
Thus the possibility of low effective stress on pore water 
expulsion is entirely likely for field conditions with similar 


boundary conditions, 


There are no case histories of slope failures or 
foundation problems available to the author to suggest that the 
mechanism considered above may be applicable to any observed 
instability phenomenon. Furthermore, any possible failure surface, 
in a situation in which pore pressure expulsion was causing reduced 
effective stress, would pass partly through frozen ground. For this 
overall configuration, and considering the rate and temperature 
dependence of frozen strength, significant shear strengths would be 


set up in the frozen soil thus contributing to stability. 


(iii) Ground Ice Forms 


Various forms of ground ice have been attributed to 


expulsion phenomena. Shumskii (1964) clearly states that 


"the formation of injection ice is associated with 

the expulsion of water from coarse-grained soils 

and often with the expulsion of supersaturated 

fluid (quicksand-like) masses in soils which freeze 

as closed systems. Ice is intruded under the 

pressure of water expelled along the planes of weakness 
in freezing soil." 


and comments further on the role of expulsion in the formation of 


pingos and in other ice lense forms. 


In a recent paper (Mackay (1973) has presented a definitive 
study of the role of expulsion phenomena in nourishing the growth 


of pingos. Mackay argues that while injected ice may form in the 
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early growth stage, the main role of expulsion is to first provide 

a source of water for pingo growth and, secondly, to lower effective 
stress conditions beneath the juvenile pingo. This combination 

of available water and low effective stress then favours the growth 
of segregation ice. Mackay also cites evidence confirming that 
expulsion in a closed system freezing environment can create 


artesian conditions beneath an advancing freezing front. 


(iii) Frost Susceptibility 


The consequences of pore water expulsion and the influence 
of stress level in determining the direction of water movement have 
a direct bearing on the frost susceptible nature of freezing soils. 
A discussion of this problem is beyond the scope of this thesis and 


some aspects of the problem are considered by Arvidson (1973). 


4,4 The Importance of Freezing in Solifluction 


A mechanism, called ice-blocked drainage, has been 
proposed by various authors (Siple, 1952; Chandler, 1970 and 1972) 
to account for instability in solifluction slopes. It is reasoned 
that when a freezing front advances into a slope it forms a 
blanket of impermeable frozen soil overlying the talik in the 
still unfrozen active layer. This blanket can then block or back 
up the water flow and thus set up excess pore pressures. While 


this mechanism is possible it is not considered likely. 


In Sec 1.4 we have seen that solifluction slopes consist 
of fine-grained silty or clayey soils. For the usual depths of 


active layers, say up to 6 ft, the stress levels in the slope are 
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such that water will always be attracted to an advancing freezing 
front. Then, when a freezing front advances into a soil, pore water 
sub-pressure would be more reasonably expected. That this is the 
case is witnessed by the frequent observations made of ice lenses 

in solifluction slopes (see Sec 1.4). The ice lenses formed appear 
to be of the segregational ice variety and it is suggested that 

their common occurrence in solifluction slopes supports the view that 


during freezing excess pore pressures are unlikely. 


The condition of ice-blocked drainage may tend to nourish 
the growth of ice lenses and in this manner contribute to solifluction. 
The formation of ice lenses and the bulking of solifluction slopes 
during the freezing cycle is a vital element in the cycle of events 
that leads to instability due to thaw consolidation processes. It 
has been shown that the freezing of saturated clayey soils in a 
closed system leads to the generation of excess pore pressures on 
thaw (Smith, 1972; Nixon,1973) and it is argued that the freeze- 
thaw cycling in an open system characteristic of solifluction slopes 
is of fundamental importance in the mechanics of solifluction move- 


ments. 


The process of bulking during freezing is also a vital part 
of the frost creep mechanism in solifluction soils (see Sec 1.4) and 
while it is felt that the importance of frost creep is over- 


emphasized by many authors it cannot be discounted. 


Yet another role of the freezing process in solifluction 
slopes is the creation of conditions which favour the downslope 
creep of ice and ice-rich soil. It will be shown, in the following 
chapter, that significant deformations can accumulate due to the 
rheologic creep of frozen soils. The bulking of solifluction soils 
during freeze back and the creation of ice lenses will aid this 


movement mechanism. 
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While it is relatively straight-forward to suggest ways 
in which freezing contributes to solifluction movements it is 
another matter entirely to resolve the different degrees of 
importance of the various mechanisms. However, it is felt that 
the dominant mechanism in solifluction movements is the freeze- 
bulking, thaw-consolidation cycle. This argument is supported not 
only by the quantitative observations of many investigators (see 
Sec 1.4) but also by the thaw consolidation model presented in 
Sec 3.3. 
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TABLE 4.1 FREEZING DATA ON OTTAWA SAND 


Test Data Open System Test Closed System Test* 
Porosity 015359 0.354 
3 3 

Volume Soil 2190 cm 2190 “cm 
Water Expelled jee an - 
Heave ote i is 

; 3 3 
Predicted 10.1, cul 69.7 cm 
Ratio: 


Predicted to 


Maatuted 0597 0.95 


Data from Wissa and Martin (1968) 


* 


The average of two tests 


+ The test was conducted under constant 
volume conditions but a small negative 
or upwards load was required to 
maintain this condition. Thus a slight 
contraction would have been measured 
under free axial restraint. 
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Fig 4.1 Closed and open system'freezing tests 
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Fig 4.3 Solution to the flow specified problem 
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Fig 4.4 Comparison with a finite element solution 
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CHAPTER V 


MASS ~ MOVEMENTS IN FROZEN SOILS 


5.1 Introduction 


Inspecting the range of landslide forms possible in 
periglacial regions it is evident that a variety of failures are 
associated with the deformation of frozen soils or ice. Mass - 
movements such as the falls initiated by thermal erosion and the 
large block and MR slides found along parts of the Mackenzie River 
Valley are, in part, the result of shear failure through permafrost 
soils. On the other hand, we have seen in Sec 1.4 that it is 
possible that some of the downslope movement attributed to soli- 


fluction may be due to the creep of frozen soil. 


In order to appreciate the range of mass-movements 
possible in frozen soil it is necessary to give attention to 
certain special features of the geotechnical properties of 
frozen soils. It is known, in a general way, that the load- 
deformation characteristics of frozen soils are dependent on the 
magnitude of the applied stress, the rate of deformation and the 


temperature, 
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As noted by Anderson and Morgenstern (1973) it is 
convenient to sub-divide this load-deformation response into three 
areas: elastic behaviour, creep behaviour and strength. When a 
slope is formed by either natural or artificial means it will 
undergo an immediate, initial deformation; but, as these 
deformations will likely be small compared with subsequent movements 
they will not be considered here. Slope movements can then be 
associated either with creep deformations or gross displacements 


due to shear failure. 


It is well-known that frozen soils exhibit time-dependent 
deformations under the action of a constant load and that, in 
general, creep curves for frozen soils correspond to the classical 
creep curves which may be divided into several sections. The 
generalized creep behaviour model of permafrost soils under 
constant deviatoric stress (see Vialov, 1965; Sayles, 1968; 
Ladanyi, 1972) suggests that the deformations of a loaded mass of 
frozen soil accumulate in the following manner. Immediately after 
the application of the deviatoric stress there is an instantaneous 
deformation. At low stress levels these deformations enter a 
primary stage characterized by decreasing strain rates which, 
finally, reach some steady state value which, if maintained, describe 
a secondary creep mode. With time, this constant deformation rate 
stage passes into a final or tertiary stage of creep which terminate 
in creep rupture. It is further suggested that this behaviour is 
dependent on stress level. For high stresses the transition is 
directly from primary to tertiary creep while for low stresses the 
primary mode ends with ever decreasing or zero strain rates, At 
intermediate stress levels the secondary creep stage exists for 
longer periods of time and it is often inferred that for certain 
stress intensities creep deformations can continue at a constant 


rate more or less indefinitely (see Sayles and Thompson, 1972). 
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The strength of frozen soil is a response of the 
technique used to measure it. It is known that the strength 
of frozen soil is time dependent (Vialov, 1965; Sayles, 1968) 
with the mobilized strength decreasing with increasing time to 
failure. It is also suggested that for a range of frozen soils 
that an ultimate or long-term strength exists and which is defined 


by Sayles (1968) as being 


"The maximum stress that the frozen soil 
can withstand indefinitely and exhibit 
either a zero or continuously decreasing 
strain rate with time." 


The division of load-deformation behaviour into creep 
and strength is, however, arbitrary as the two concepts are closely 
interrelated. Vialov (1965) relates creep and strength via his 


definition of damped and undamped creep. He considers that if 


"the stress does not exceed a certain limit 
referred to as the limiting long-term strength 
then the deformation is damped (damped creep) ; 
if the stress does exceed the above-mentioned 
limit, then undamped creep develops. Limiting 
long-term strength is also referred to as 
ultimate strength, threshold of creep, etc." 


He also points out that 


"it should be noted, that such a division 

of the deformation processes into damped 

and undamped creep, the separation of the 
various stages (primary, secondary, tertiary) 
and the concept of a limiting long-term 
strength are arbitrary since such a division 
will depend to a significant degree upon the 
duration of the experiments ....... Those 
deformations, considered in this book as 
stabilized, could continue to grow if 
observed for longer periods. Those 
deformations, considered as flow with a 
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constant rate (secondary creep), could 
become slowly damped if observed for 

longer periods of time, or on the contrary, 
they could develop at increasing rates." 


Furthermore, the discrimination between creep and 
strength is very much a function of the ice content of the soil. 
The concept of long-term strength is generally accepted as being 
inappropriate for ice as it creeps under extremely small stresses 
and Vialov (1965) has pointed out that the concept of long-term 
strength does not apply for what he calls "ice-saturated frozen 
soils''. He does suggest that the concept can be applied to 
"structured soils". For structured soils it would appear that 
Vialov suggests that creep deformations either terminate in a 
tertiary stage at stress levels above the long-term strength 
(in the undamped mode) or deccelerate with time at stress levels 
below the threshold stress level (i.e. the damped mode). For 
structured soils the long-term strength and the threshold stress 
level are identical. More recent work by Sayles (1973) on frozen 
Ottawa Sand suggests that the long-term ultimate creep strength 
of structured soils is basically a function of the strength of 


intergranular contacts governed by the angle of internal friction. 


On the other hand, it appears that ice will not exhibit a 
damped creep mode and load-deformation response either terminates 
in creep rupture or continues in a secondary stage more or less 
indefinitely. That is, the long-term strength or threshold creep 
level is approximately zero. By inference, it is then likely that 
ice-rich soils will exhibit a wide range of behaviour between the 
above extremes. Furthermore, we shall see that under certain 
circumstances, admixtures of soil grains in ice serve to significantly 


reduce the strength of ice itself. 
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In order to model slope deformation behaviour for 
permafrost soils it is then necessary to first formulate a series 
of models of load deformation response. For practical purposes, 
two simple models that seem to be justified are a secondary creep 
model and a long-term strength model. These models are justified 
in that they have been observed to some degree in actual experiments. 
The intent of this chapter is, therefore, to investigate a range 
of natural slope processes in frozen soils within the framework 
of certain models. It is far from clear if these models are in 
all regards adequate but they are valuable in that they help 


bound possible slope deformation behaviour. 


5.2 Secondary Creep Model 


5.2.1) The. Model 


It is entirely possible that some downslope movements 
of permafrost slopes may be caused by the creep deformation of 
frozen soils. Although the subject is complex, experiments on 
the creep of ice and ice-rich soils suggests that significant 
deformations may accumulate in permafrost soils under sustained 
stresses. While it is possible to formulate simple models to 
simulate slope deformation processes there is a lack of both 
experimental data from which relevant constitutive relationships 
may be derived and of field observations to confirm or modify the 
mass movement models used. While there have been various field 
studies conducted concerning the deformation profiles of 
permafrost slopes (see Carson and Kirkby, 1972) these studies 
have been confined to the active layer where mass-movement 
processes other than creep likely dominate. However, other studies 


considered in detail in Chapter 1 suggest that the magnitude of 
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deformations that can accrue in the active layer during the 


winter season may be most reasonably explained by creep deformations. 


Laboratory creep studies are difficult to undertake and 
tests of long duration are required in order to isolate whether 
one is in primary or secondary creep or if a test will terminate in 
the tertiary mode. The mode of creep deformation observed depends 
upon stress level, time and temperature and most creep tests 
reported on frozen soils have been done at high stress levels, low 
temperatures, and over relatively short time intervals. Investigation 
of creep deformation in natural slopes requires test data from 
long duration tests at low stress levels and at temperatures near 
the melting point. Furthermore, a significant percentage of the 
available creep data has been conducted on either frozen remoulded 
soils or soils withlow ice contents and little information is 


available for ice-rich soils. 


As we are concerned here with the creep deformations 
of natural permafrost slopes of a geologic age we can likely exclude 
the possibility of creep rupture since these slopes would have 
long since failed. Theoretically, therefore, it would be 
necessary to attempt to discriminate between slopes on which 
secondary creep still continues unabated with the passing of time 
and slopes on which deformations have stopped or are decreasing. 
However, we shall limit our attention to a simple secondary creep 
model which will serve as an upper bound on possible slope deformation 


behaviour. 


In order to predict creep deformations using the results 
of various laboratory and field experiments it is necessary to 
relate shear stresses and shear strain rates. As the experimentally 
derived constitutive relationships governing the creep, or flow, of 


ice or ice-rich soils can, generally, depart from the linear, or 
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Newtonian, viscous flow law,it is necessary to seek a more general 
relationship. Following Meier (1960) it can be assumed that the 


strain rate is a function of the deviator stress or generally 


e 


A 
ij=£ (Vii 5) at 


and the magnitude of the deviator stress is, in turn, measured by 


the octahedral shear stress 


ise ee ae a lo) me ee 


O 


where ( cheb iaety ohare are the principal stresses. 


i] 
Similarly, an octahedral shear strain rate € 4 is defined as 


SUa8) 


where (€ P a and € 3) are the principal strain rates. 


The creep constitutive relationship can then be expressed 


as 


Enea aug (t,) 5.4 


Oo 


and it will be shown that a general expression for both ice and 


frozen soils of this functional relationship takes the form 


SB ty (Ras ee 5.5 
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where A, B, m and n parameters that must be derived experimentally. 
It can be noted that by specializing with (m = 1, B = 0) the 
linear, Newtonian, flow law is recovered and that for (A=0) the form 


of the flow law for ice given by Glen (1955) is obtained. 


In order to predict creep displacements on an inclined 
surface one must then measure the parameters of Eq 5.5 and insert the 


constitutive relationship into suitable slope deformation model. 


A simple assumption that can be made about the state of 
creep deformation of an infinite slope of frozen ice or soil is 
that deformation occurs as simple shear in a direction parallel 
to the slope surface. It is assumed that the slope is made up of 
a dense fluid and that the only shear stress components are those 
which produce the simple shear flow. For an infinite slope of 
incompressible fluid of unit weight rf inclined at an angle 9 to 


the horizontal the shear stress at any depth is 
Crliss $ 2%sin'e 5.6 
and the normal or hydrostatic stress is 


V = §z cos @ 5.7 


where z is measured normal to the surface. 


As the principal stresses are (V+T,V,V -T) 


the octahedral shear stress becomes 


C -/ 4 ¥z sin9 5.8 
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As the velocity at any depth Ve has been assumed to be parallel 


to the slope and is independent of the downslope co-ordinate, x, 


the engineering shear strain rate nf can be written as 


: SV 
7 ae = 5.9 


where x is taken parallel to the slope. As the principal strain 
rates are ( S QO; -£ ) the equivalent octahedral shearing strain 


rate becomes 


The above development for e and ie can be found in 
Meir (1960). 


It is now assumed that the viscous fluid governed by 
Eq 5.5 overlies a parallel, rigid surface at depth, H, along which 
no slip occurs. Substituting Eq 5.8 and 5.10 into Eq 5.5 and 


integrating results in 


V (2) = 
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for the depths (0 €&z &H) and the velocity at the surface can then 


be determined for z=0 with all other parameters specified. 
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5.5.2. Constitutive Relationships 


In order to estimate the creep deformation rates expected 
in permafrost slopes using Eg 5.11 it is necessary to determine 
experimentally the parameters in Eq 5.5 for the stress range, 
temperature and soil types of interest. For natural slopes one, 
therefore, requires information at stress levels from as low as 
0.03 kg/cm” to as high as at least 6.0 ke/em@ and at temperatures 
from the melting point to say -5,.0°C, It is evident that one is 
more interested in soils with high ice contents than in those 
soils with water contents below or near the plastic limit. There 


are few studies that satisfy these requirements. 


Since ice forms 4 significant part of many permafrost 
soils a study of the creep behaviour of ice serves as a reasonable 
guide to the creep behaviour of frozen soils. Recent studies by 
Mellor and Testa (1969) are noteworthy because the stress levels 
and temperature stanges used are of engineering interest and because 
the study is, in part, a critique of the test procedures used in 
the past to define secondary creep rates in ice. As a result of 
creep tests conducted at stress ievels from 0.1 to 0.44 eae 
the authors point out that stress laboratory studies in which 
secondary creep was assumed to have developed in a few days are 
doubtful.’ On the other hand, shorter duration tests at higher 
stress levels yield creep rates generally coincident with longer 
duration tests at the same stress level. For example, the flow 
law deduced by Gienn (1955) for tests of 2 to 6 days duration and 
embodied in the data presented by Meier (1960) agree well with 


lenger duration tests, see Fig 5.i. 


Meier (1960) has summarized the early testing of Glenn 
(1955) and the results of borehole and tunnei deformation analysis 
in temperate glaciers in Europe and North America. He finds that 


the best fit relationship between © and E, takes the form 
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where E. is in %/year and . is in bars. This plot has been 
extended to include more recent studies as shown in Fig 5.1 


and for which a reasonable relationship is 
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The role of ice temperature in influencing the flow law 
for ice appears to be negligible for test temperatures between 
-1 to -4°C and for the borehole and ice tunnel deformation data 
for temperate glaciers at their pressure melting points. Testing 
by Steinmann (1958) at -1.9°C and -4.8°C suggests some dependence 


on test temperature. However, this variation is generally masked 
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in Fig 5.1 by other variables such as ice type and test configuration. 


Stress level appears to be the dominant factor in determining strain 


rate, 


Recent work by Colbeck and Evans (1973) reports that the 


flow law for temperate glacier ice takes the form 


: 3 5 
e seme Be HSO0G02C & hat 0.0018T | B14 


which yields strain rates approximately an order of magnitude faster 
than either Eq 5.12 or 5.13 at the same stress level. Colbeck and 
Evans suggest that these faster rates result from testing at the 
pressure melting point. However, as the data summarized by Meier 
(Eq 5.12) is partly from borehole and tunnel deformation in 
temperate glaciers and is slower than Eq 5.14 which, in turn, is 


based on creep tests of less than 200 hours duration then the 
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results may be questioned. However, it should be noted that if the 
flow law derived by Colbeck and Evans were used it would give 
faster deformation when substituted in Eq 5.11 than would the other 
flow laws noted above. If the flow law of Eq 5.13 is substituted in 
Eq 5.11 and solved for a series of infinite slopes then the solution 
is as given in Fig 5.2. The apparent linearity of the solution is due 
to the fact that the second term of Eq 5.5 does not begin to 
influence the velocity unless slopes are steep or thicker than 
100 ft. This dependence on the Lower stress range part of the 
equation points out the need for creep testing in soils at low 
stress levels. It should be noted also that the flow law for ice 
derived in Fig 5.1 has been determined using test data from 
unconfirmed compression tests oniy and has not been generalized for 
more complex loading states except for the borehole and tunnel 
deformation data from Meier (1960). Triaxial tests on ice reported 
by Chamber1@#in(1969) and Sayies (1973) indicate that the shear 
strength of ice is dependent upon confining pressure. These tests 
suggest that the implicit assumption of the cohesive nature of the 
load-deformation response of ice made by many is, perhaps, an 
unwarranted simplification. However, as the possible effect of 
confining pressures would be to depress the strain rate at a given 
stress level the flow law of Fig 5.1 serves as an upper bound on 


load-deformation behaviour. 


While it might be assumed that a study of creep rates in 
ice would provide an upper bound to the creep rate possible in 
frozen soils there is some indication that the presence of some 
soil in an ice matrix can increase the creep rate of ice alone. 
Swinzow (1962) observed closure rates in an ice tunnel and noted 
that ice with a low concentration of soil crept faster than ice 
alone, while very dirty ice crept faster than adjacent clear ice. 
Recent studies by Hooke et al (1972) have found that when ice samples 
are salted with a dispersion of fine sand the creep rate was 


increased to about 150% that of ice. The authors found that a soil 
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volume fraction greater than about 0.1 always depressed the creep 
rate and that by the time a volume fraction of around 0.35 was 


reached the creep rate was reduced by an order of magnitude. 


There is, however, a lack of useful creep-rate testing 
in frozen soils. Much of the available work which has been 
summarized by Anderson and Morgenstern (1973) can be criticized 
in terms of the requirements suggested by Mellor and Testa (1969) 
as being of too short a test duration although at higher stress 
levels this requirement might be relaxed. The results of some 
work reported by Sanger and Kaplar (1963), Vialov (1965), Sayles 
(1968) and Thompson and Sayles (1972) is shown in Fig 5.3 and 


compared to the best fit line for the creep of pore ice in Eq 5.13. 


Perhaps the best study of creep-rate in frozen soils 
and one that also provides additional evidence that ice-rich soil 
can creep faster than ice is the recent description of the behaviour 
and analysis of the in-situ creep of a tunnel reported by Thompson 
and Sayles (1972). This tunnel, excavated beneath some 20 m of 
ice-rich Fairbanks silt, was found to creep over a one-year period. 
It was found that the best model that could predict observed in-situ 
deformations was a secondary creep model of the form of Eq 5.5 
with one term only. Uniaxial creep tests were also made on the 
natural silt soil at the stress range and temperatures relevant 
and a secondary creep mode of deformation resulted. It was found 
that the ice-rich silt deformed some 3.3 times faster in the field 
than in the laboratory and, furthermore, this rate appears to be 
faster than is characteristic of pure ice alone, see Fig 5.3. It 
can be noted that if the flow law derived from this data was put 
into the one-dimensional creep model discussed earlier significantly 


faster creep velocity would result than those shown in Fig 5.2. 
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Before proceeding to a discussion of the implications 
of the mass movement model being studied in this section it must 
be noted that the form of the constitutive relationship or the flow 
law derived above is in itself a model. As already noted the so- 
called secondary creep mode of creep deformation is a generalization 
of the creep behaviour of frozen soil. In fact, there are few 
studies that confirm that true steady-state creep does, in fact, 


exist for any significant time period. 


For example, Sayles (1968) presents a series of deformation- 
time curves for Ottawa sand at various temperatures. At stress 
levels which did not result in creep rupture after periods up to 
100 days it is possible to fit an approximate straight line to a 
secondary creep region resulting in the points given in Fig 5.3. 
However, a detailed inspection of the data suggests that the 
deformation rate is slowly decreasing with time. More recent 
testing, Sayles (1973), at various confining pressures confirms this 


conclusion. 


On the other hand, close inspection of a typical creep 
curve for undisturbed Fairbanks silt (Thompson and Sayles: 1972, 
Fig 7) suggests that the sample has undergone primary, 
secondary and has entered the tertiary creep phase. While it may 
be a reasonable approximation to say that the secondary creep 
rate was so much over the 8-day creep test it does not follow that 
this test applies to the l-year in-situ deformation of the tunnel. 
The fact that the field observation fits a secondary creep rate some 
3.3 times faster than the laboratory tests suggests that the in-situ 
movements may have been partly due to creep rupture deformations. 
Finally, it can be noted that Vialov (1965) finds that for frozen 
silts only a primary mode exists at lower stress levels and, 
therefore, for a stress condition less than some critical or thres- 


hold level the creep rate will always tend to zero. 
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5.2.3 Application of Creep Model 


The solution of the infinite slope model coupled with 
the best fit constitutive relationship for ice, Fig 5.2, suggests 
that creep velocities of from 0.2 to 2.0 cm/yr are possible in 
slopes from 2 to 10 ft thick on inclinations of from 5° to 30°. 
When compared with the winter deformations obtained in some soli- 
fluction slopes (see Chapter 1) and which might be explained by 
creep deformations the above range of velocities appears to be 


reasonable. 


Any natural slope can be expected to have a complex 
structure of ice lenses and frozen soil the solution embodied 
in Fig 5.2 can, of course, be objected to as it assumes that any 


given slope consists of uniform ice overlying a rigid base. 


There are no case records available for natural or 
artificial slopes with which to compare the predictions of 
Fig 5.2. However, it is possible to apply the flow law of Eq 5.13 
to the measured deformations of two rock glaciers reported by 
Wahrhaftig and Cox (1959). In order to bound the likely cross- 
sections of flow for these glaciers it is necessary to consider 
both an infinitely wide slope and flow in a semi-circular channel. 
Following Meier (1960) it is possible to extend the infinite slope 
model already considered by modifying the solution in terms of a 


shape factor R/d so that 
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where R is the hydraulic radius and d is the depth of flow. For 


a semi-circular channel R/d reduces to 1/2. The first rock 
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glacier reported by Wahrhaftig and Cox is approximately 35 m high, 
and flows, on a slope of 14°, with an average measured velocity of 
0.7 m/year. Assuming a unit weight of 1.8 em/cm? Eq 5.11 predicts 
a velocity of 5 m/year and when modified by Eq 5.15, about 1.0 
m/year. The second glacier is some 25 m high, standing on a 20° 
slope and flows with a measured velocity of 1.6 m/year. The 
calculated velocities are 0.8 m/year for the semi-circular channel 
and 3.7 m/year for an infinite slope. Considering the many 


assumptions embodied in the model this agreement is encouraging. 


In this study we have assumed that the generalized creep 
behaviour discussed earlier serves as a useful engineering 
approximation for the description of creep and that, in particular, 
the secondary creep mode is a good model for creep in permafrost 
slopes significantly below creep rupture stress levels. Although 
there is certain evidence that may contradict this view it is 
evident that approximations are required in order to gain any 
insight whatsoever into the process of creep deformation on natural 
slopes. In conclusion, it appears that while the model is not 
justified for structured soils it may be reasonable for ice- 


rich soils. 


5.3 Mass-Movements due to Shear Displacements 


5. ook An OaUuect1 on 


Landslide movements that display shear displacements 
along well-defined slip surfaces have been found in permafrost 
soils in certain parts of the study area. These landslides, 


classified as block and MR slides, have been discussed in 
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Chapter il and described in detail in Appendix A. A common feature 
of this type of mass movement is that shear failure has occurred 
through frozen ground. This form of mass movement is rather 

novel and it is of considerable geotechnical interest to 

analyze these landslides quantitatively with a view towards 
predicting their occurrence. The following features are 


characteristic of block and MR slides observed in the study area. 


(1) Slide movements are associated with banks significantly higher 
than about 150 ft and in which the sand and silt member of the 

GLB sequence make up the greater portion of the bank profile. The 
relatively greater percentage of sands and silts can be observed in 
most reaches and is also witnessed by the deep-seated gullying that 
is found cohabiting with these slides. All block and MR slides have 


been found in conjunction with a blue-grey silty-clay at river level. 


(2) Various observations made,suggest that failure occurs through 
frozen sands and silts bottoming out in either unfrozen or 
partly frozen clay. Since this clay may have a similiar strength 


response whether it is thawed, or partly frozen near 0°C, a useful 


mass movement model for block and MR slides is frozen soil over- 


lying unfrozen silty clay. 


This section will then consider slide movements in 


conjunction with the concept of long-term strength of frozen ground. 


5.3.2 Shear Strength of the Unfrozen Component 


The shear strength of the unfrozen soil beneath the 
capping of permafrost in block and MR slides can be predicted 
using conventional geotechnical practice. For clayey, fine- 


grained soils slightly below 0°C a considerable proportion of the 
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water phase of the soil remains unfrozen. As the temperature 
gradients near the bottom of the permafrost are in the order of 
1°C/80 £t a considerable portion of the soil nominally below 

uae may be considered unfrozen. It is speculated, therefore, that 
the boundary between what is a frozen soil, with regard to shear 
strength considerations, and what can be considered an unfrozen 
soil is not necessarily the 0°C isotherm and while the effective 
stress parameters for the frozen and unfrozen soils might not be 


identical it is expected that the pore water phase is continuous. 


The shear strength of the unfrozen component may be 
formulated in terms of effective stresses and the strength 
parameters (c' G'). Departures from conventional practice for 
the analysis of these landslides involve the role of permafrost 


and its effect on pore water pressures. 


The first departure from the conventional conditions 
expected in more temperate areas can be seen from a consideration 
of steady state seepage conditions. The terrain behind all block 
and MR slide areas is pitted with thermokarst lakes. These 
lakes represent holes in the permafrost and the pore water pressure 
regime in the soil beneath these lakes will be transmitted 
beneath the permafrost and out to the valley walls. Ifa lake 
is close to the valley wall it is expected that the pore water 
pressures will be higher beneath the permafrost than they would be 


in the same soil for the same conditions if permafrost were absent. 


Pore water pressures may also be influenced by thaw- 
consolidation effects as the permafrost thaws from below in 
response to the thermal disturbance associated with previous instability 
or in response to climatic changes. Although the rate of thaw will 
be low, drainage paths are long and permeabilities are low. 


Therefore, the possibility exists that excess pore pressures may 
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be generated. The situation is, however, far from simple and 
while no detailed studies have been made it is useful to review, 


qualitatively, the factors influencing this type of thaw. 


The temperature gradients near the base of the permafrost 
are low with the result that, say, the first 40 ft of soil 
above the base of the permafrost defined by the O0°C isotherm 
changes in temperature from Pe: 60.5%. "Pats “fort may have 
a high percentage of unfrozen water and when thawed the 
decrease in volume due to ice-water transformation, of what ice 
does exist may cause a pore water deficiency. Put another way, 
the residual stress, Nixon (1973),may be high and the soil may 
swell upon thaw. But GLB silty clays while having high unfrozen 
water contents in the soil contained between ice lenses do have 
substantial ice lenses even at depths up to 150 ft. (See Figs 
B.2 to B.4) Thus, if a large enough volume of soil is 
considered the total water content may well be close to the 
original water content in equilibrium with the effective stresses 
at a given depth before freezing. The result of a cycle of freeze 
and thaw may then be, overall, to cause a net volume decrease 
with excess water produced upon thaw. Although the rates of thaw 
may be low and the residual stresses high, drainage paths will be 
long and the possibility exists that the shear strengths may be 


reduced upon thaw due to increased or excess pore water pressures. 


High pore pressures may also be set up beneath the capping 
of permafrost during the winter months when a skin of seasonally- 
frozen soil is formed along the slope profile. As the ground water 
seepage will be cut off it is possible that pore water pressures 


may increase. 
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5.3.3. Strength of the Frozen Component 


Anderson and Morgenstern (1973) have noted that the 
nature of the strength of frozen soil can be attributed to the 
presence of unfrozen water and the various responses of ice to 
loading which can range from pressure melting to brittle fracture. 
A detailed discussion of the nature of the interaction of the soil, 
water and ice phases of a frozen soil and their influence on shear 
strength is beyond the scope of this thesis. Rather, this section 
will review certain aspects of experimental testing which yield 


quantitative information useful in slope stability calculations 


The classic method by which the time dependence of 
shear strength may be empirically correlated was presented 
by Vialov (1965) and involves plotting the reciprocal of the 
creep stress measured in an unconfined test versus the log of 
time to failure. This relationship has been shown to be linear 
for test durations in the order of from 0.1 to 100 hours and if 
extrapolated gives a measure of the long-term strength taken at, 


say, 50 or 100 years. 


There is, however, a lack of useful experimental data. 
Vialov's original work was conducted on heavily overconsolidated 
Jurassic soils the water contents of which, and the test temperatures, 
are too low to be of use in the study area. However, one test series 


is noted on Table 5.1. 


The results of tests on frozen sand by Sayles (1968) are 
summarized in Table 5.1 and are interpreted using Vialov's 
construction based on tests of up to 200 hours duration. Vialov's 
method may also be applied to strength data presented for frozen 
clayey soils by Akili (1971) and Neuber and Wolters (1970), 


Figs, 5.Guand Dedssulteite of interest to note that there is a 
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linear relationship between long-term strength and test temperature. 


The results of these tests are also summarized in Table 5.1. 


Unconfined, constant rate of strain, tests were conducted 
on Undisturbed samples obtained from 3-inch diameter Shelby tubes 
taken at the Mountain River Site, Ml, Fig A.19. These tests, Fig 
5.6, were conducted at different times to failure and an estimate 
of the long-term, 100-year, strength was made graphically, see 
Fig 5.7. Tests were made using a conventional load press in a 
cold room and jacketed samples were failed in a parafin bath 
maintained at -1.0°C. Some difficulties were experienced in keeping 
the samples at ~-1.0°C for the longer duration tests and the 
resultant uncertainty in predicted stress at failure is indicated 
on Fig 5.7. A summary of the properties for each test is given 
in Table 5.2. The grain size curves, Fig B.13, were calculated 
based on a sample taken from the whole sample after it had been 


thawed and mixed. 


There is evidence to suggest that Vialov's concept of 
long-term strength is not entirely adequate and that the long-term 
strength of frozen soil is frictional. The frictional nature of 
unfrozen soils is well-known and recent work, reported by Chamberlain 
(1969) and Sayles (1973), finds that polycrystalline ice exhibits 
a frictional response in that mobilized shear strengths are increased 
by confining pressures. Recent work by Sayles (1973) suggests 
that the long-term strength of saturated frozen sand is frictional 
with angles of 31° and 29° being deduced from constant load and 


constant strain rate tests respectively. Sayles concludes that 


"the long-term ultimate creep strength of 
saturated frozen (Ottawa) sand with porosity 
of 37% or less is a function of the angle of 
internal friction which could be determined 
through triaxial tests on unfrozen sand, 
freely drained," 
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The extensive series of tests undertaken by Neuber 
and Wolters (1970) may also be recast, Fig 5.8, to indicate that 
for a sandy and for a silty soil there is a marked frictional 
response for short-term tests of from 0.5 to 5.0 hours duration. 
The similarity between the drained angle of unfrozen soil and the 
apparent angle is striking. If the long-term strength is frictional 
then there should be little change in the deviator stress at failure 
for longer duration tests. This was found to be the case for the 
silty soil for tests at the same confining pressure. A plot of 
the reciprocal of the deviator stress at failure against log time 
showed only the slightest decrease in strength from tests of about 
2 to 5 hours duration to tests of about 20 to 30 hours duration. 
When extrapolated to 100 years these tests predicted an angle 
fa 25°, Fig 5.9. An estimate of the lower range of the frictional 
angle can also be made by extrapolating the shorter term tests and 
an angle b. = 16.5° is predicted, Fig 5.9. Thus, Neuber and 
Wolters data can be interpreted to show that the long-term strength 
of a silt is frictional and that a reasonable estimate of this 
frictional response can be deduced from a drained test on unfrozen 


S011; 


But, if the long-term strength of frozen soil is 
frictional then the strength predictions, of Table 5.1, should 
tend to zero becuase these tests were all conducted at zero 
confining pressure. It would appear that the prediction of a finite 
unconfined shear strength results because tests of sufficient 
duration have not been considered. There is, however, some 
experimental data that supports the view that the long-term unconfined 
strength is indeed zero. Tests by Vialov (1955) apparently conducted 
using a spherical indenter, show a marked drop-off in strength for 
longer duration tests, Fig 5.10. If we reconsider the test data 
presented by Sayles (1968) for Ottawa sand at 31°F, Fig 5.10, 


it can be seen that the best fit of the data suggests greater 
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lowering of the long-term strength than reported in Table 5.1. 
Furthermore, this interpretation agrees with the latter conclusions 


of Sayles (1973). 


One is lead to conclude, therefore, that Vialov's 
concept of long-term strength for structured soils is inadequate. 
Vialov's approach will overestimate the long-term available strength 
of frozen soils at low confining pressures and, conversely, 


underestimate the strength at higher pressures. 


5.3.4 Slope Stability of the Mountain River MR Slides 


The slope stability of the MR slides at the Mountain River 
site can now be considered in relation to the shear strength models 
discussed in the preceeding section. As no block or MR slides 
have been observed in pre-failure attitudes it is necessary to 
approximate the pre-failure geometry. Furthermore, as no detailed 
survey has been made of post-failure geometry, air photographs and 
maps must be used to assemble a reasonable cross-section for 
analysis. Fig 5.11 outlines the cross-section considered at the 
Mountain River site and which is typical of MR slides in general. 
The bank height, measured using a helicopter altimeter was 220 ft, 
and this value agrees with topographic maps. The overall length of 
the landslide blocks can be measured on aerial photographs to be 
from 200 to 500 ft with an average extent of 300 ft. The failed 
blocks have overall angles of from 12° to 20° from the toe to 
the headscarp. Based on these measurements a reasonable pre-failure 
profile can be assembled as shown on Fig 5.11. It is then assumed 
that any potential failure surface begins at a point 300 ft back 
from the headscarp and ends at the toe of the slope. The stability 
analyses conducted assumed that permafrost 155 ft in depth forms a 


cap over unfrozen soil. It is also assumed that the bulk density of 
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all soils is 2.00 gm/cm’. A detailed description of the Mountain 
River site is given in Appendix A, a representative cross-section in 


Fig A.20 and the borehole log in Fig B.1. 


Slope stability calculations were made on a non-circular 
slip surface using the method established by Morgenstern and Price 
(1965). The slip surface was varied about a pivot point at the top 
of the landslide by a series of surfaces at angles of from 25° to 


70° as shown on Fig 5.11. This pivot point was established from 
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measurements made on aerial photographs. The shear strength parameters 


of the unfrozen soil were fixed at (c' = 140 psf, ¢g' = 26°) based on 
remoulded samples, see Sec 2.4, and vr, values (see Eq 1.4) of 0.25, 
0.5, and 0.75 used in the thawed soil. Computer runs to calculate 
the factor of safety F were then made at each re value by varying 
both the undrained strength that could be mobilized in the frozen 
soil and the failure surface as given by the angle @. At each r 
value the maximum undrained strength Cy required in order to achieve 
F = 1.0 was noted. This c,, was then plotted against ri Ee. 12, 
and the slope angle 8. on which the highest c, was mobilized is also 
given. Thus Fig 5.12 gives a prediction of the long-term shear 
strength that was mobilized in the frozen part of the slide at 


failure. 


An additional stability calculation was made using a 
circular arc (see Bishop, 1955). Using the same parameters for 
the thawed soil and (c,, mt SOOM pSh ght = 0.50) for the frozen 


soil a F = 0.98 was calculated. 


In order to proceed with the analysis it is necessary to 


have some indication of the ry value for the underlying unfrozen soil. 


Unfortunately the piezometer installed in boringM1, Fig A.19, 


was indicating negative pressures immediately upon installation 
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and it has not been possible to return to the field. However, 

the pore pressure regime may be inferred from the following. As the 
unfrozen zone beneath the permafrost was penetrated the drill stem 
fell some 7 ft under its own weight and with the drill stem brake 
partially engaged. Large quantities of wet sandy silt were pumped 
up from below 155 ft and the hole could not be kept open below 

the permafrost table as it immediately filled in with flowing soil. 
The water content of the thawed soil brought to the surface by the 


air-return was found to be 31% (void ratio 0.85), although this water 
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content may have been artificially increased by the pumping operations. 


However, it can be seen in Fig B.14 that even if the void ratio was 


significantly decreased to allow for a possible increase due to 


pumping that low effective stress conditions would be predicted based 


on the @ versus log Y' curve for the remoulded silt. Furthermore, 
frozen samples with similiar grain size curves (i.e.: compare 

Fig B.13 with M1-170.0, Fig B.12) have water (ice) contents in the 
range 207%) to’ 25%)" or void’ ratios of 0% 54 to/ 0.68." “As the BS AL 
stress for hydrostatic conditions at 155 ft is about 5.0 tons /£t* 
the void ratio corresponding to an r, = 0.5 is about 0.48, Fig B.14. 
Therefore, it can be argued that if a layer of soil is caused to 
thaw at the base of the permafrost some consolidation would have to 
occur in order for the thawed soil to reach a void ratio in 
equilibrium with a hydrostatic condition. However, as seepage 
paths are long this condition would not be reached instantaneously 
and excess pore pressures would be set up. Thus, for the above 
reasons, it is felt that low effective stress conditions exist 
beneath the permafrost and that the th value for the unfrozen soil 


is high. 


The predicted long-term shear strength based on samples 
taken from the lower portion of the permafrost is given in Fig 5.7. 


fe) ; 
These tests were conducted at an average temperature of -1.0°C which 
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compares favourably with the expected average temperature of the 
permafrost at the slide. A direct comparison of the test data with 
Fig 5.12 would suggest that rather low ry values existed at failure. 
Referring to Fig 5.9 it can be seen that the unconfined tests of 

Fig 5.9 would underestimate the average Cy which should be increased 
to allow for the effect of confining pressure. If the predicted 

c, from test data is arbitrarily increased to allow for a confining 
pressure equivalent to, on average, 75 ft of permafrost then the 

Cy value required in Fig 5.12 is consistent with the high pore 


pressures inferred in the unfrozen soil. 


It may be aruged for the reason noted in the preceeding 
section, that any agreement whatsoever between the predicted 
shear strengths of Fig 5.12 and 5.7 is fortuitous. It is of interest, 
then, to inspect the stability of the cross-section of Fig 5.11 
assuming that a frictional strength is developed in the frozen soil. 
This can be done with ease using the circular arc shown on Fig 5.11 
which represents a reasonably average failure surface. If it is 
assumed that the thawed soil is governed by (c' = 140 psf, ¢' = 26.) 
ee 0.50) the mobilized friction angle in the frozen soil can be 
varied in order to achieve a = 1.0 overall. In order to calculate 
the mobilized friction angle 6. in the frozen sand the effective 
stress level in the sand must be assumed. If the grain to grain 
contacts in the sand-ice system carry all the load; that is the total 
. equals the effective stress, then Lore 0.0. sFor this condition, 
the required frictional response for limit equilibrium is calculated 
to be (c, = 0, §, = 29°), I£ it is assumed that not all the total 
stress is carried in the frozen soil skeleton, say ites 0325, (then 
the required response is hea e OF 9, = 36°). These friction angles 
are quite reasonable and if a ry value higher than 0.50 is assumed 


in the underlying thawed soil the value $, for limit equilibrium will 


be correspondingly higher. 
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It is noteworthy that a reasonable agreement between 
observed and predicted behaviour for failure in an MR slide has 
been achieved using both the unconfined long-term strength model 
and the frictional model for shear strength in frozen soil. 

Noting the many assumptions required in order to arrive 

at a bank profile and the uncertainty as to the actual failure 
surface as well as to the in-situ strength parameters and the 

pore pressures beneath the permafrost, the agreement is encouraging. 
It suggests that the stability of the large block and MR slides 
encountered in the study area may be considered using conventional 
geotechnical practice but points out the need for considerable 


research on the fundamental aspects of strength in frozen soil. 
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TABLE 5.1 SUMMARY OF LONG TERM SHEAR STRENGTHS (100 YRS) 


Soil Temperature eth eneee ’ Source 
(psi) 

Bat Baioss Clay ai C 79.0* Vialov (1965) 

Ottawa Sand 31°F 13 Sayles (1968) 

Manchester Fine Sand 31°F 65 Sayles (1968) 

Sault Ste Marie Clay S126 14 Akili (1971) 
fe) 

Fat Clay a 35 to 41* Neuber and 

Walters (1970) 

fe) 

Mountain River clayey- -le¢ 21 This study 

sandy silt 


ST 


Oo 
* Strength extrapolated to -1.0 C. 
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Fig 5.2 Solution to the infinite slope creep problem 
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Fig 5.3 The flow law for ice compared with secondary creep rates in soil 
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Fig 5.10 Unconfined long-term strength tests 


10° 


102 


10! 


10! 


162 


(hr ) 


TIME 


216 


Vie 


valve) 


Ne ZI || P49A0 9)5uy B1IN|IDJ-4SOq 
a|Buy aunjioy-aiy 
SOpljOlg papyouwlysy 


oct 
407% Ung 


-UOT}09S-SSOIOD OPTITS ASATY UTeqUNOW T1°S 3Tq 


—- — . 
a eee 
— 


4JQI1s 


UaZOlJUuA 


_—<— <= 
= 
Za 


a 2 


ueZzol 4 ve 
ze 


— 
—=_ — 
— 


i) 
~A 


oO. =| 
jsd QOpl =, 
UdsZolsUury 

PSlIDA "5 
uasZOl4 


> SdQJaWDADY YyOuaS 


il 
U 


YsAIY NIVINAOW 


\GS H 


aye 
a 


c 


i 


ws 


Le yudje 


J 


| 
¢ 


\ Egper-arin 
pie-paijnie yu 


AGE B]Tqs cLoee-seccron 


— 
hap 
x 


2 


_ 


BT8 2°37 wonmpsrs” 


+ wee. 
angie 


a 


ab ania 8 a sl : 
4 oat; io: De 


i 
Ke 


ee ih, Bers cis a4, 
uz. Nin eas Se hb Mg), og ae 
aN, ‘ by cP Lee 
i BOREL MM al NS Ck 


i iy 1 
ay 
i} 
pt q 
‘= 
iA 


10° (psf x 1000) 


F. = 


PORE PRESSURE 


Fig 5.12 Results of slope stability calculations: 
Mountain River Slides 
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CHAPTER VI 


SOME ENGINEERING CONSIDERATIONS OF LANDSLIDES IN THE 
MACKENZTE RIVER VALLEY 


6.1 The Initiation of Landslides 


6.1.1 Stress Imbalance 


The onset of shear failure in soils is due to a net 
imbalance between the forces tending to cause downslope movement 
and the shear strength that can be mobilized along a potential 
failure surface. The initiation of some of the landslides observed 
in the study area can be simply explained by the consequences of this 
stress imbalance and without recourse to any mechanism peculiar to 


a periglacial environment. 


One fundamental cause of this stress imbalance is the 
Ooversteepening, erosive, action of rivers. It has been observed 
throughout the study area that landslide activity is, generally, 
restricted to areas of active bank erosion. In some reaches of 
the Mackenzie terrain units, such as GLB soils which are prolific 
producers of a wide range of instability, immediately become stable 


when the eroded scarps are abandoned by the river. Scarps may be 
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abandoned by down-cutting of the river bed into more stable soils 

or by the deposition of fluvial soils along the toe of the bank 

and although exceptions can be noted these banks are usually stable 
and will remain so unless re-eroded or artificially disturbed. 

In most instances, fall landslides are the direct consequence of 
river action. Frozen sediments, when undermined by intense river 
action at meander bends become undercut and fail in tension. Some 
rotational slides appear to be the result of rapid drawdown conditions 
caused by flooding and the subsequent rapid drop in river levels. 
This process may occur either due to flooding caused by ice jams or 
by heavy rains in the upper reaches of the Mackenzie drainage system. 
Ice jams are common along the Mackenzie and affect both the main 
rivers and the smaller tributaries. The rapid rise and fall of 
river elevation of up to 20 ft in a few days in response to ice jams 
appears to be of fairly frequent occurrence with lesser flood crests 
being caused by heavy rainfalls especially in the upper reaches of 


the Liard River. 


Heavy rainfall may also initiate skin flows by increasing 
the total shear stress due to saturation of the soil and organic 
cover. Accompanying this increasing in shear stress is a parallel 
decrease in shear strength due to reduced effective stresses. 

The presence of an active layer at shallow depth contributes to the 
maintenance of saturated conditions and while, as we have seen the 
presence of frozen soil may aid other instability mechanisms, it 

is suggested that skin flows can be initiated under conditions in 
most respects similar to shallow landslides in temperate regions. 
Mackay and Mathews (1973) have emphasized the importance of heavy 
rainfall in initiating skin flows in the Mackenzie River Valley 

and Savel'yev (1972) notes that the stability of the active layer 

on slopes formed of silty sands and sandy loams is usually disrupted 


during prolonged rains. 
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6.1.2 Initiation of Skin and Bi-Modal Flows 


It was noted, in the preceding section, that skin flows 
could be started by heavy rainfall creating a stress imbalance. 
Rainfall might also encourage the occurrence of skin flows by 
increasing the rate of thaw, thus contributing to instability by 
thaw-consolidation effects. It can be seen that the rate of thaw 
would be increased not only by the effect of the presence of warm. 
water but also by the increase in thawed conductivity of the 


organic and mineral soil cover upon saturation. 


Vegetation also exerts considerable control on the 
stability of thawing active layers. One of the characteristic 
indicators of solifluction activity is the bulbous, solifluction 
lobes formed when thawed soil is restrained by the overlying organic 
cover. When the organic cover is disturbed or destroyed this 
restraining influence is lost and skin flows can develop. Firstly, 
it can be noted that fire action destroys the natural resilient 
nature of the organic cover making it more brittle. Another 
effect is that the rate and depth of thaw beneath the vegetation 
cover may be increased not only because the mat is now less 
thick, but the albedo of the surface will have increased thereby 
increasing the heat flux into the ground. It can also be noted 
that any artificial disturbance such as line-cutting and overland 


vehicular traffic will have a similar effect. 


Skin flows may also be initiated by the cumulative action 
of many cycles of freeze and thaw which tend to concentrate finer- 
grained soils at depth. These finer soils bulk and form ice lenses 
during the freezing cycle and become thaw unstable. Thus, while 
the rate of thaw may be more or less constant with depth the R 
value, Eq 3.16, increaseS with depth as Cc, decreases with increasing 
fines. The effective stress strength parameters will also decrease 


with depth as the more silty-clayey soils become concentrated, The 
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freeze cycle will tend to reduce the strength even more on thaw by 
leaving the soil grains in an exceedingly loose state thus decreasing 
the effective angle f'. On the other hand, freeze-thaw cycles may 
tend to stabilize a slope as a macrostructure is imparted to the 

soil significantly increasing the permeability and, therefore, the 


rate at which excess pore pressures may be dissipated. 


The first stage in the development of a bi-modal flow is 
some process or combination of processes that removes insulating 
covers of vegetation and thawed soil exposing thaw-susceptible or 
ice-rich soil in such a manner than an ablation mechanism can be 
started and sustained. Any of the mechanisms discussed above which 
cause the initiation of skin flows can lead, ultimately to the 
development of a bi-modal flow. In fact, bi-modal flows are 


initiated by some other form of mass movement. 


Small rotational slides, in turn initiated by rapid draw- 
down conditions, may start a bi-modal flow, Fig 6.1. When a flood 
crest rises, possibly increasing the rate of melting, and then 
rapidly recedes causing a slump in thawed soil, ice-rich soil, 
if exposed, may now ablate. This process would be favoured at 
locations where the erosive action of the river was high so that 


the initial and subsequent colluvial debris could be quickly removed. 


Skin flows that occur near the bends of swiftly flowing 
rivers also encourage the development of bi-modal flows because the 
colluvial debris usually found at the base of a skin flow may be 
easily removed. Furthermore, it may be suggested that river action 


at the toe may first initiate the skin flow, Fig 6.1. 


Fall landslides may also be initiated by intense erosive 
attack at the bend, Fig 6.1. The subsequent failure in tension of 
a block of frozen soil and its rapid removal by the river action 


responsible for its formation would then form a potent mechanism 
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for the initiation of a bi-modal flow. 


Factors influencing a bi-modal flow were investigated 
in detail at Site HU-1 on the Hume River. A series of bi-modal 
flows, found at a bend in the Hume River, have been described in 
detail in Appendix A. The drilling programme established that 
conditions in an undisturbed bank immediately downstream from the 
most recently active flow would sustain an ablation mechanism 
as it was found that in-situ ice contents were up to 1.5 to 3.0 
times the liquid limit of a silty clay soil, see Figs B.2 to B.4, 
Permafrost was found in all borings and as shown on Fig A.23 it is 
likely that frozen soil extends up to the trim line. Evidence of 
fall landslides or skin flow activity is suggested by the 
instability of a row of large spruce bordering the trim line, Plates 
ll and 12, These spruce are rooted in soil some 27 ft above low 
water level, taken as the top of the ice cover. This abrupt change 
in vegetation from spruce to sparse willow suggests that flooding 
to this elevation is possible. Along the 27 ft elevation line 
frequent note was made of small thermal erosion niches and the 


forward-toppled trees are common in this reach of the river. 


It is thought that the most likely mechanism of initiation 
of the flow landslides at this bend is as follows. [In the past, 
when the present flow landslide at Site HU-1 (which is now almost 
stabilized) was initiated a large tongue extended out into the river. 
This tongue caused the Hume to actively erode the opposite fluvial 
bank and to be deflected away from the spruce covered GLB bank 
down-river from the active flow. This situation was then maintained 
as the flow ablated backwards into the GLB upland. But as the bi- 
modal flow is now becoming inactive the tongue in the river is being 
eroded away, and the river will soon regain its former regime in a 


straight channel. Once this occurs the now-unprotected GLB bank will 
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be actively eroded and a bi-modal flow will be initiated once a 
suitable set of circumstances combine to expose the ice-rich soil 


found beneath the spruce cover. 


During the course of the field exploration, frequent note . 
was made of the importance of forest fire action in increasing the 
frequency of flow landslides. It has been observed, in small 
bi-modal flows, that a vegetation curtain drapes the entire head- 
scarp reducing the melting rate of the headscarp. Furthermore, 
in its undisturbed state, this curtain can be found up to maximum 
heights of about 10 ft. However, when burned the vegetation mat 
becomes brittle and cannot bend over and mould itself against the 
headscarp. Therefore, while a natural stabilizing process would 
tend to offset the initiation mechanisms of Fig 6.1 this process 
is not effective in burned-over regions. Thus, a small mass- 
movement, which would normally be healed in undisturbed terrain, 


would quickly grow in a burned-over or otherwise disturbed river bank. 


The preceding mechanisms, outlined in Fig 6.1, all are 
associated with toe erosion. This follows from the frequent occurrence 
of instability with rivers and with bends in particular. On the 
other hand, many bi-modal flows can be observed perched well above 
the trim line or in areas with no toe erosion. These flows are 
likely caused by the direction action of forest fire activity or 
other unseasonal processes such as heavy rains or high temperatures 


which initiate skin flows. 
6.1.3 Other Initiation Mechanisms 
Many of the larger forms of mass-movement such as block 


slides and MR slides and flows are seated in banks undergoing a 


continuous state of degradation. No block or MR slides have been 
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found in the study area for which before and after aerial photo- 
graphs are available. However, two MR flows, the Fort Simpson 
Landslide and the Cameron Point Landslide, Table 2.3, have 
occurred recently and comparative aerial photography is available. 
These landslides, described in detail in Appendix A, appear to have 
been initiated by the failure, in shear, of the frontal portion 
of the present colluvial mass. The toe area of both of these 

MR flows consists of a slightly more intact and massive segment 
which is felt to be the relic of the initiating movement. Once 
this movement occurred ice-rich silty clay was exposed beneath a 
capping of silty sand and a series of bi-modal flows in the clay 
and rotational slides in the sand were initiated and resulted in 


the rapid growth of the landslide mass. 


There is no direct proof to support the view that the 
initial movements at these two MR flows were seated partly in frozen 
soil. However, frozen ice-rich soil is found all along the east 
flank of the Fort Simpson Landslide right down to the river's edge 
and it is supposed that the same conditions would have been found 
along the pre-failure bank. Inspection of pre-failure photography 


indicates that the spruce cover is identical in both areas. 


Furthermore, as the pre-failure spruce cover is at least 
120 years old some permafrost could be expected under such a mature 
cover. It is suggested that the initial movement occurred through 
frozen soil and likely bottomed-out in unfrozen soil beneath the 


permafrost. 


This combination of shear movements through frozen and 
then unfrozen soil also appears to be the most reasonable failure 
mode for the block and MR slides encountered in the study area and 


has been discussed in earlier chapters. 
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The combination of circumstances by which these shear 
movements are initiated is open to speculation. Certainly, the 
existence of erosive attack by river action is of considerable 
importance. This can be no more clearly seen that at Sans Sault 
Rapids area where the Mountain and the Carcajou Rivers flow 
into the Mackenzie, Fig A.17. At the Mountain River site, Ml, 
large MR slides are seated in GLB soils and clay outcrops at river 
level. However, at site Cl on the Carcajou only 3-1/2 miles away 
the same GLB soils are found perched on bedrock above river level 
and the only landslide form observed was bi-modal flows. Thus, 
it is argued that as the Carcajou site is protected from direct 


attack slides cannot develop. 


Block and MR slides have not been found in banks less 
than about 100 ft high in the study area. As river banks in the 
study area less than 100 ft high will, characteristically, be 
frozen to below river level this observation suggests that block 
or MR slides cannot be initiated in banks that consist primarily 
of frozen soils. On the other hand, the presence of permafrost 
seems to be a requisite condition for shear failure in the higher 
banks. For example, at Mile 556 near Norman Wells, a section of 
river bank made up of sands and silts overlying blue-silty clay 
is found in a headland being actively eroded by the river. The 
river channel must be deep in front of the bank as the navigation 
channel is routed to within 100 ft of the bank. However, no 
landslides occur in this reach, whereas banks 150 ft high in other 
sections of the Mackenzie, with similar composition, are active. 
The only apparent difference between this and other banks is 
that an old terrace is perched above this section of the bank. 
Therefore, it would appear that either there is no permafrost at 
this site, or that the ground ice conditions have been modified 


in such a way as to lessen the susceptibility towards slide movements. 
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It is also thought that the recent warming of the climate 
in northern regions as a result of climatic change since the. Little 
Ice Age (see Chapter II) may have, in the past 100 years or so, 
resulted in an increased frequency of slide movements. For example, 
an increase of mean soil surface temperature by 2°C would result 
in the degradation of about 100 - 150 ft of permafrost. This 
would have the effect of rendering banks from 200 to 250 ft high, 
with say 300 ft of permafrost, unstable, as they are today, with only 
150 £t of permafrost. 


Long-term warming due to climatic change, forest fire 
activity, or artificial disturbance would also reduce the strength 
of the frozen component. We have seen that the long-term strength 
of frozen soil is sensitive to increased temperatures and mass- 
movements may be initiated by any warming cycle that reduces 


long-term strength or increases creep rates. 


6.2 The Continuing Degradation of Frozen Slopes 


Once initiated, bi-modal flows can be observed to ablate 
backwards at catastrophic rates. A necessary condition for the 
sustained growth of these flows is that the headscarp must consist 
of ice or ice-rich soils. However, in order to start the flow when 
its exists as a small notch, a second condition requires that moss 
overhangs or curtains cannot develop and that ablated debris is 
removed. Once the ablating scarp grows to a vertical height of 
about 10 ft the flow will proceed at a fast rate irrespective of 
the condition of the vegetative cover. All other conditions being 
equal, a bi-modal flow will not develop in a sandy soil. Firstly, 


a frozen sandy soil will not ablate and when thawed will remain 
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stable on quite steep slopes. Furthermore, as the albedo of a 
light, sandy scarp is relatively high compared to the wet dark 
surface of a ice-rich soil the heat flux available for melting will 
be less. Secondly, a sandy soil will not flow downslope in a 
low-angle tongue and so that there will be little backward 
retrogression of an exposed sand scarp. For example, Kerfoot (1969) 
has reported high, steep bluffs of frozen sands and gravels being 
actively eroded by the sea. His observations point out that the 
bluffs fail by steep, skin flows which occur towards the end of 

the thaw season and involve a detachment of some 2 to 3 ft of soil 
equal to the active layer depth. Similar processes have also 

been observed in cut banks in frozen fluvial sands along the Hanna 


River. 


Within the study area, typical banks consist of a 
variable thickness of sand overlying an ice-rich silty clay. If 
a given bank is made up primarily of finer-grained soil, a bi-modal 
flow will ablate backwards until the low angle tongue penetrates 
the highland behind the slope. This process is particularly active 
if the flow is seated in the first 20 to 30 ft of the GLB clays 
which are ice-rich. A good example of this form of bi-modal flow 
is found at site HU1, Fig A.22. The retrogressive movement of 
these flows can only be arrested if the ablating scarp is 
effectively insulated. Once a flow survives its juvenile stage it 
can be naturally stopped by a combination of insulative processes, 
If the bank is made up of ice ,or ice-rich soils alone ,the flow 
will proceed backwards until the headscarp becomes less than 10 ft 
in height and vegetative covers form. Another insulative 
mechanism may occur if a fall landslide is initiated in the headscarp. 
It is possible, on higher scarps to find a top curtain of moss 
that causes a differential melting and an undermining of the head- 


scarp. When thaw proceeds far enough, a block may fail in tension 
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and rotate down covering the scarp. As this block is covered by 
intact vegetation it may tend to heal the headscarp. A third 

process is effective if the bank has a sand capping. When the flow 
is initiated it may be seated entirely in clayey soils. But as 
backsapping proceeds, the headscarp begins to gain a Capping of 

sand. This sand can slough down over the clay changing the albedo 
and reducing the ablation rate. Furthermore, the sand will mix 

with the clay and the colluvial deposits in the tongue will gradually 
become more stable as a continuing admixture of sand reduces the 
effectiveness of thaw-consolidation processes in the tongue and 


increases the shear strength of the colluvium. 


The fundamental importance of soil stratigraphy can be 
seen by comparing the Fort Norman Landslide, Fig A.15 which has a 
thin cap of sand with the Little Norman Landslide, Fig A.16, with only 
a thin deposit of clay at the base. It can be seen that the Little 
Norman Landslide has not developed as extensively as the adjacent 
bi-modal flow apparently as a direct consequence of the soil 


stratigraphy. 


Soil stratigraphy also exerts a fundamental control in 
influencing the types of larger landslides that can develop on 
the higher banks in the study area, We have seen that block and MR 
slides which are associated with deep-seated gullying are usually 
restricted to banks in which the sand-silt member of the GLB 
sequence is thick. On the other hand, active landslides such as 


the Old Fort Point, Fig A.12 and the Big Smith Creek, Fig A.11, 


landslides, which can be considered to be bi-modal flows, are found 
in banks with only a thin veneer of sand and silt overlying silty- 

clay. While it can be argued that these landslides are associated 

with slide movements during their initiation, evidence has been 


presented, Appendix A, to suggest that the continuing degradation 
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of the headscarps at these landslides proceeds by a process of mass 
wasting on the exposed scarp and transport down the lower angle 
tongue. Unlike ice-rich headscarps which ablate, these scarps 

fail by the development of skin flows in an active layer formed 
along and down the headscarp. Thus, in banks where more thaw- 
susceptible soil is exposed bi-modal flow development can be 
sustained while more sandy banks are restricted to instability 


mechanisms involving shear displacements. 


The development of the tongue of the bi-modal flow also 
aids in this natural evolution of landslide forms. It might 
be expected that the finer-grained frozen soils would be more 
susceptible to shear failure than more sandy soils by virtue of 
their lower strength at the same teMperature and rate of loading. 
However, the formation of an extensive tongue protects the 
headscarp from active toe erosion and, in fact, acting as a 
stabilizing element tends to suppress high shear stress and the 


possibility of shear displacements. 


The rate of loading also plays a role in the continuing 
degradation of higher banks. In bi-modal flows which continually 
retreat, the shear strengths mobilized are higher than in block or 
MR slides which are loaded at a much slower rate. The importance 
of rate of loading may also be a factor in the landslides that 
develop along the Mackenzie from Mile 470 to 488, Fig A.10 
Here MR slides are found at the only two sections of the reach where 
the erosive attack of the Mackenzie is somewhat abated. For 
example, at Mile 475 an active MR slide is found just around a 
bend from a reach where flow landslides have been mapped. There 
was no visible evidence of changes in stratigraphy and it is felt 
that a slide has developed as a result of mild erosive attack over 


a long period of time. Conversely, where there is substantial 
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erosive attach bi-modal flows have been initiated and shear movements 
have not occurred because the higher rates of loading make this 


form of mass movement impossible. 


6.3 Stabilization of Landslides 


As toe erosion is a significant factor in the initiation 
of a wide range of landslide types in the study area the prevention 
of toe erosion will tend to stabilize potential landslide areas. 

For example, fall landslides can be easily prevented by the provision 
of adequate armour along susceptible reaches. Many block and MR 
slides appear to be in a state of quasi-equilibrium with a factor 

of safety near unity and the cessation of active toe erosion will 
likely stabilize further gross displacements in these slides. This 
can be seen in certain reaches of the river where GLB banks, 


abandoned from direct erosive attack, appear to be stable. 


Once initiated, bi-modal flows can only be stabilized 
by the provision of adequate insulation along the thawing headscarp. 
For large scarps, a suitable design will also have to allow for 
significant creep displacements in the frozen soil, as well as for the 
possibility of an ultimate long-term shear failure. The amount 
of insulation required in order to prevent thaw can be designed 
using Eq 3.13 and the velocity rates of Table 3.7 to give an upper 
bound on the heat flux available for thaw. Toe armour will not 
stabilize bi-modal flows, and it is thought that the judicious use 
of erosion protection will be of considerable importance in preventing 


the initiation of bi-modal flows adjacent to engineering works. 
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A common technique used in landslide stabilization in 
temperate regions is the reduction of shear stress in the landslide 
mass by benching. This technique would be completely unsuitable 
for most landslides in the study area as many surficial failures 


would be caused in the exposed permafrost soils. On the other 
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hand, large surcharges along the toes of slides would, in conjunction 


with toe-armour, provide a suitable method of stabilization in 


certain cases. 


Another common technique in landslide stabilization is 
the reduction of pore water pressures. This technique may be 
possible in the larger slides and we have seen in Chapter V that 
high pore pressures might be expected beneath the permafrost capping 
in block and MR slides. Although the high pore pressures are 
consequent upon thaw-consolidation are of vital importance in the 
initiation of skin flows and solifluction it may not be possible 
to provide suitable drainage in order to stabilize such slopes. 
Whereas counterfort drains are a useful technique in the 
stabilization of shallow slopes in temperate regions they would 
not be suitable for a thawing active layer and, furthermore, the 
surficial disturbance associated with their installation would 


likely aggravate the situation. 


Some landslides may be stabilized by various artificially 
induced freezing processes which would attempt to increase the 
mobilized shear strength by reducing the average soil temperature. 
This technique would only be useful in slide or creep movements as 
the rate and amount of thaw, which controls flow landslides 
processes, is not significantly dependent upon frozen ground 
temperature. Furthermore, freezing soils at depth may cause pore 
water expulsion and thus contribute to instability processes rather 


than serving as a stabilizing force. 
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Fig 6.1 Methods of initiation of Bi-Modal flows 
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CHAPTER VII 


CONCLUDING REMARKS 


The landslide classification presented in Fig 2.1 has 
been derived for use in the Mackenzie Valley and is restricted to 
mass-movements in soil, The classification was conceived using 
a morphological or descriptive framework and any mechanistic or 
genetic pane were avoided. As most of the landslide 
forms studied in the field and reported in the literature have 
multiple mechanistic origins it can be concluded that a classi- 
fication based on a mechanistic framework would be unworkable. 
The classification presented is somewhat dominated by field 
experience in the Mackenzie Valley. In order to extend the 
classification for general use in periglacial areas field study 
should be undertaken of mass-movement forms in soil above the 
tree line, in the high arctic and in regions with a different 
Pleistocene history. If solifluction is placed in the classifi- 
cation under flow movements, it is felt that the classification 
of Fig 2.1 will be complete for all mass-movements in soil in 
periglacial areas. It is thought that landslides in rock can be 
most readily included in a general classification by splitting 
the classification into soil and rock sub-sections at the highest 
level, leaving the soil classification as above, and by developing 
a parallel classification for movements in rock. The components 


of the rock classification would be a function of the rock structure 
This study has concentrated upon identifying possible 


mass-movement mechanisms for landslides in periglacial areas 


and a wide range of possibilities in thawing, frozen and freezing 
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soils have been considered. It was anticipated, at the outset, 
that there would be a lack of factual case records which could be 
used to test proposed mechanisms. Although this shortage has, in 
some respects, been met as a result of the field programmes 
undertaken, it is evident that there is scope for a wide range of 


future field investigations. 


Many aspects of mass-movement in thawing soils can be 
predicted using thaw-consolidation theory. The thaw-consolidation 
ratio R controls the maintenance of excess pore pressures in the 
soil and we have seen that the thermal solution required for the 
theory can be readily estimated using simple analytical methods. 
It has been shown that a step temperature boundary condition often 
represents a useful approximation for naturally induced thaw and 
that the actual magnitude of the range of the rate of thaw is 
small. On the other hand, the ratio R is also controlled by the 
permeability and compressibility of soil and little is known 
concerning the in-situ magnitude of these parameters and the role 
of cycles of freeze and thaw in effecting these parameters by 
changing the macrostructure of the soil. Instability on natural 
slopes may also be encouraged by thaw over an ice lense and the 
excess pore pressures set up on thaw are very sensitive to the 
magnitude of the permeability of the overlying thawed soil. The 
shortage of well-documented field case records of thaw-induced 
instability is obvious and research into the in-situ properties 
of a thawing slope coupled with measured excess pore pressures will 
certainly be of great value. This is especially true of field 
information on the role of cryogenic structure in influencing the 
mechanical response of soil on thaw. During the field and drilling 
programmes frequent observations were made of a lattice type of 
ground ice which is found in a three-dimensional structure around 
silty clay soils. While considerable insight into the role of 


this and other freeze-thaw induced macrostructures may be gained 
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from laboratory tests it is thought that field tests will be 
required in order to adequately inspect the behaviour of a 


representatively large volume of soil. 


It is possible that other aspects of thass-movement in 
thawing soils may be predicted by thaw-sedimentation theory. 
However, as sedimentation theory has not, hitherto, been recognized 
in geotechnical practice its application to periglacial processes 
is still speculative. A more significant contribution of sedi- 
mentation theory in its present development is that it confirms 
that a soil at very high void ratios is governed by consolidation 
theory. Sedimentation theory also provides the means by which 
to assess the void ratio at which consolidation processes begin 


to govern a soil mass. 


The term bi-modal flow has been suggested for use in 
describing a form of mass-movement found within and without the 
study area. A simple solution for the rate of ablation of the 
headscarps of ice-rich bi-modal flows has been presented and this 
solution can be used to estimate the heat flux available for 
melting. In turn, this calculated flux can be used in designing 
artificial cuts in frozen soils. While there are a few case 
records available which yield the rate of melting of the headscarp 
there have been no measurements reported of the magnitude of the 
net radiation impinging on the ablating surface. Field measurements 
of the actual flux available would yield valuable insight into an 


important mass-movement form. 


The only mechanism considered in freezing soils is the 
expulsion of pore water. It has been shown that it is possible 
to generate low effective stress conditions when expelled water 
is backed up due to impeded drainage. While this mechanism may 


not be a significant factor in the stability of shallow slopes 
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it may influence deeper slopes. 


Mass-movement mechanisms in frozen soils have been considered 
using creep and long-term strength models for the load-deformation 
response of permafrost soils. As there is a dearth of any useful 
creep data for frozen soils a representative flow law for ice was 
assembled, This flow law interprets the load-deformation response 
of ice using a secondary creep model. While it might be surmised 
that a study of ice deformation would serve as an upper bound 
on the behaviour of soil it has been shown that this need not be so. 
The flow law for ice was then used to predict the rate of deformation 
of an infinite slope of ice flowing as a laminar fluid and the 
velocities computed suggest that creep may be a problem in ice- 
rich permafrost. Whether or not permafrost soils will creep with 
the velocities deduced can only be resolved by long-term creep 


testing of ice-rich soils and by field observations. 


Slide movements involving shear displacement through 
frozen soils have been studied using a long-term strength model 
for frozen soil for a slide at the Mountain River. Within this 
class two possibilities have been considered. The first approach 
was to use an empirical relationship suggested by Vialov (1965) 
in order to predict the long-term unconfined strength of frozen 
soil. An estimate of the long-term strength of the frozen component 
of the Mountain River slide was made and compared with the cohesive 
strength required for limit equilibrium. Aithough reasonable 
agreement was found, the predicted strength using Vialov's method 
was somewhat less than required in the slope stability analysis. 
As Vialov's method was based on unconfined samples this difference 
suggests that the long-term frozen strength may be frictional. The 
alternative approach using a frictional model was then investigated 
and it was found that a reasonable frictional response of the frozen 


soil was required for limit equilibrium. 
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The mass-movement models studied in frozen soils point 
out the acute lack of knowledge concerning the fundamental nature 
of the load-deformation response of frozen soils. Nevertheless 
the models considered are encouraging as they suggest that 
landslides in frozen soils can be analysed in terms of conventional 


practice. 


It must be re-stated that this thesis has concentrated on 
mass-movement mechanisms peculiar to periglacial regions. For this 
reason, no special note has been made of processes which can also 


be found in more temperate regions. 
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FIELD OBSERVATIONS 


Page 

ALS Observations on Landslides in the Vicinity 249 
of the Mackenzie River Mile 205 to 660 

A.2 Observations on Permafrost Conditions in 275 


Relation to Landslides 


A.1 OBSERVATIONS ON LANDSLIDES 
MILE 205 TO 285* 


A map of this section is given in Fig A.1 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 


Mite Z07°to 219: 


The south bank of the Mackenzie in this reach contains 
many active flows. They are generally bi-modal, with lobe angles 
of from about 7° to 10 and are seated in clayey silts. One 
interesting flow at Mile 219, seated in clayey silt, is perched about 
50 ft above river level over a dense till. 


Brie fz to: 


The Mile 216 flow is unique among the range of smaller 
scale bi-modal flows observed. A typical overall bi-angular profile 
with a steep head scarp and a 7° lobe was noted; but, the flow is 
singular in that the head scarp has failed as a rotational slide with 
backward tilting of the slump mass. The soil profile at the head 
scarp is 20 ft of sand over clayey silt. No frozen ground was found 
in the slumped colluvium on a cursory inspection. A small rivulet 
flowing with no obvious source from between the slump blocks may 
indicate the presence of melting permafrost. 


* Mileages are approximate distances from the head of the 
Mackenzie River. 
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Mile 221: 


The landslide at Mile 221, classified as an MR flow, is at 
least 25 years old as it appears on 1947 aerial coverage. This flow, 
seated in a bank some 180 ft high, is 2300 ft long with an overall 
angle.of 4.5° and has_a steep head scarp. Adjacent bank angles are 
in the vicinity of 10°. A series of ridges are contained within the 
bowl of the flow and were inspected during a foot traverse. These 
ridges consist of a silty clay of considerable dry strength. They 
have a symmetrical appearance as both the up and down slope scarps 
of an individual ridge stand at approximately the same angle. The 
ridges appear to have been derived from the head scarp. On the 
traverse up the centre of the landslide small tension cracks and 
steps indicate that some movement is still occurring. 


t 


Mile .Z225; 


An exceedingly large MR flow is seated in a bank some 180 
ft high. This landslide, some 10,000 ft long by 2,000 ft in depth, 
lies at an overall 4.79 slope. Adjacent banks stand at angles of up 
to 30° as measured on 1:50,000 maps. 


Mile 226 (Fort Simpson Landslide); Fig A.2, A.3, Plate lL: 


A large MR flow is located at Mile 226 on the south bank of 
the Mackenzie- This landslide is less than 12 years old as no evid- 
ence of it exists on the 1960 photo coverage. Mackay J.R. (1972)* 
Suggests that the flow began shortly before 1970 and dendrochrono- 
logical investigation on white spruce at this site (Mackay D.M., 1973)* 
indicates that large movements first began in 1965 and have continued 
until the present. This flow is still active and is currently 
degrading under the action of several processes. 


The flow area is bounded on the west by a prominent gully 
that parallels the west side of the head scarp and exposes some 150 
feet of silty clays and silts. This gully predates the flow and is 
visible on the 1960 coverage. The west scarp of the flow is steep, 
bare of vegetation, and apparently stable. Probing located frozen 
ground under the spruce on the top of the ridge between the west 
scarp and the gully and which may be seasonal frost. 


When visited, the head scarp west of centre was failing by 
surface flow of thawing soil out from underneath the organic cover. 
Slope angles of the scarp in this section average about 20°. Frozen 
ground was encountered in test pit, TPl, dug some 100 ft back from 
the head scarp and a frozen loam encountered about 6 inches below a 
9 inch organic mat. East of centre a rotational slide rings the head 


* Personal communication 
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scarp. Test pit, TP2, dug at the base of the intact head scarp bared 
by the rotational failure revealed frozen ground some 2 feet below 
thawed soil. Two auger holes were advanced to 11 feet in the slumped 
block. The first was driven in the centre of the back tilted block 
and the second hole was located in the centre of the forward slope of 
the slumped mass. Both holes encountered a thawed clayey silty sand. 


Unlike the west side of the flow which extends back perp- 
endicular from the river the east side runs at an angle from the 
head scarp down to the river. The east side of the flow consists of 
a series of steep melting scarps. There is no evidence of rotational 
failure and the slopes are failing by the continuous melting and 
subsequent rapid downslope movement of soil. In one location ice 
lenses, 5 to 7 inches in thickness, were noted on an almost vertical 
scarp at least 70 feet high. Well developed melt streams indicate a 
relatively great percentdge of water and a blue-grey clayey silt is 
found in conjunction with the ice lenses. The lower part of the east 
Scarp was visited twice over a 6 week period (12 June to 26 July 1972) 
and at least 10 feet of back sapping was apparent in a melting scarp 
about 5 to 8 feet high. 


A series of tension cracks were observed along the upland 
behind the east scarp during May 1973 (Roggensack, 1973)*. These 
cracks rim the ablating scarp and in one instance a tree trunk split 
between both sides of a crack witnesses the movements that have 
occurred. These features have not been observed by the author and 
Mackay J.R. (1972)* suggests that they may be melt features. 


Photographs (transmitted to the author by Mackay D.M., 1972)* 
taken in June 1970 reveal that fall landslides are also possible along 
the east scarp. The photographs show that differential melting occurs 
on scarps some 20 feet high because moss overhangs drape down over 
the top few feet and depress the ablation rate. Thus a thermal notch 
is created and a cantilevered block can be broken off. 


Contained within the central part of the Fort Simpson 
Landslide and bounded by the west scarp and a line extending at right 
angles from the eastern edge of the head scarp are a series of 
arcuate ridges. The ridges are concave downslope, are some 10 to 
15 feet high, and have a frequency of about 75 feet. Along any 
transect down the slope one encounters forward, backward, then for- 
ward thrown trees in conjunction with the ridges. As the ridges 
are derived from mass wasting processes along the head scarp and as 
different failure mechanisms are apparent along the head scarp this 
cyclic repetition of the direction of tree falls may admit to a 
cyclic repetition of distinctly different failure modes in the head 
scarp. 


* Personal communication 
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In the lower third portion of the flow mass the arcuate 
ridges give way to a denser cover of spruce. The cover is partly 
undisturbed and there is a tendency towards growing upright trees. 
This portion of more intact cover may be the relict of the initial 
failure of the landslide. The toe of this landslide is thrust well 
out into the river. Although there was no direct evidence apparent 
in the field the impression was gained that the toe had undergone 
some degree of uplifting as the soil along the toe appeared to have 
been thrust upwards, 


The pre-failure geometry can be approximately reassembled 
from maps and aerial photographs. The bank along which failure 
occurred stands at angles ranging from 17° to 26° with an angle of 
19° being a reasonable average. The pre-failure slope is quite 
smooth and appears to rise as a tilted plane from the trim line to 
the top of the bank. The bank is covered with white spruce of 
which the earliest pith date reported is 1841 (Mackay D.M., 1972)*. 
The length of the bank along the slope is about 550 ft and the 
approximate length of the more undisturbed toe area which may be 
the remains of the initial failure is about 520 ft. 


Mile 241: 


Downstream from Trail River on the north bank of the 
Mackenzie several MR slides are visible from the air. These slides 
have no surface expression along the river, the head scarps are 
grown over, and the slides are stabilized. 


Mile 258 to 260: 


The morphology of landslides in the reach on the south 
bank change abruptly. At Mile 258 banks are low along the river 
and frequent small flows occur. Several of these flows were 
inspected and all revealed ice rich frozen silty clay at the head 
scarps. Generally, one could find ice and frozen ground immediately 
beneath the organic covers that overhang the melting head scarp. 
It became standard practice, on looking for ground ice exposures, to 
locate a well developed organic mat overhang at the head of a flow. 
This organic mat was then cut away, by axe, to reveal ground ice. 


In one of the small flows in this section an overhanging 
mat covered the entire head scarp and evidence of movement could 
be seen by the grooves in the surface soil moving out from beneath 
the overhangs. The soil flow was grooved by irregularities in 
the moss cover. When the moss cover was cut into,a large air void 
was encountered between the base of the organic cover and the frozen, 
covered over, head scarp. The air smelt dank and obviously was "dead 


* Personal communication 
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air'' and as such formed an effective insulative barrier. This flow 


was flown over about 10 days later and considerable back sapping 

had resulted in the section where the moss overhang had been removed. 
In the lobes of these small flows frozen ground was encountered by 
probing at depths of about 3 feet. 


Downstream from this section the banks become steeper and 
higher. Viewed from the air traces of old MR slides could be seen 
as fine scarps running parallel with the river. It is not clear if 
some of the mass movements in this reach should be classified as 
MR flows or slides. Opposite the west end of Burnt Island a large 
MR flow is still active as indicated by the bare, sandy head scarp. 
Active sand dunes are being formed from the colluvium in the landslide 
area, Silty clay was noted in the toe of this flow during the river 
based survey. Immediately downstream from this flow and on to Mile 
260 the sand member of the sequence becomes considerably thicker. 
The banks are now much steeper and failure leaves a scalloped 
appearance. The landslides are classified as bi-modal flows; how- 
ever, they have not been studied in any detail. 


Mite 262 to 270. 


The traces of many landslides are visible from the air in 
this reach. Outcrops of silty clay are common at river level. These 
landslides appear as a series of arcuate ridges in the head scarp 
regions but as there is little evidence of movement along the toes 
they appear to be presently inactive. 


Mile 265 (Cameron Point Landslide): 


A large MR flow at Mile 265 is marked on the navigation 
maps as having occurred in 1960. The head scarp has recently failed 
as a rotational slide, with substantial back-tilting, and with 
movement apparently seated in a sandy soil. Backward thrown trees 
associated with older scarp failures further down the flow indicate 
that rotational failure at the head scarp is common. The flow is 
located in a bank 125 ft high, is 1100 ft long, and has an overall 
angle of 6.5°. Pre-failure photography indicates that the landslide 
developed between two large gullies that can be seen either side of 
the active flow but which were not involved in movement. 
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Mile 275: 


A series of block slides seated in banks about 120 ft 
high have failed with little backtilting of the slump block. Some 
blocks which have moved down at least 100 ft show no evidence of 
rotational ground movements. Immediately downstream from the 
slides the banks are steep and intact. These banks appear to 
represent the bank profile before initiation of slide activity and 
they appear to represent the terminal stage in a cycle of degre- 
dation. 


MELESZS5)10 343 


A map of this section is given in Fig A.4 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 


Mile 293: 


A recent MR slide with a degree of backtilting of some 
of the slump masses is located on the 120 ft high west bank at Mile 
293. The slide is seated in silty clay and sand is visible at the 
recently exposed head scarp. Small muddy creeks flow out at each 
side of the main slide area, . 


Mile 300: 


At Mile 300 an MR slide seated in silty clay demonstrates 
a definite backwards rotation of the slump blocks immediately adjacent 
to the river. 


A small cirque-shaped failure is contained within the first 
slump block. The bowl or flat portion of the circular cavity which 
extends back some 30 feet from the river is filled with sand sloughed 
down from above that quicks when a small excavation is made into the 
underlying silty clay. Water is observed seeping out at the head of 
the flat portion. A small 1/2" diameter probe reached refusal at 
about 3 1/2 feet in the lobe. No definite indications of frozen 
ground were noted by hand but the personnel engaged in these activities 
noted the extreme cold of the water in the lobe and the underlying 
silty clay. The small springs issuing from the head scarp are either 
ground water discharges or are due to melting ice. 
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Mile 298 to 302 (Mackenzie River West Bank): 
306 to 310 (East Bank, MacGern Island): 


In both these sections frequent changes in the altitude 
of the silt and sand interbedding was noted. Generally, the silt- 
sand sequences are flat lying. However, frequent observations were 
made of interrupted attitudes by apparent dips of up to 15° as 
exposed parallel to the river. Small anticlinal features were also, 
occaSionally, observed. In all cases the overall soil profile is 
interbedded sands and silts overlying grey-blue silty clay. 


MILE 323 :TO°355 


A map of this section is given in Fig A.5 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 


Mile 332: 


At the River Between Two Mountains a till section some 
200 feet thick is exposed in a north facing cut bank about 1 mile 
up river. This till is compact with bouldersto 1 foot diameter. 


Mile 340 to 345: 


Remnants of old MR slides in till are present. Till 
outcrops are common in this yicinity. At Mile 340 a bare head 
scarp is visible from the river. 


Mile 350: 


A large MR slide near Mile 350 has several small bi-modal 
flows contained within the main slide mass. One flow, similiar to 
those within the MR slide, was inspected just downstream of the slide. 
This flow had exposed ice rich clayey silts in its head scarp and ice 
lenses to 1 inch in thickness were noted in an exposure of some 15 
ft of ice rich soil based 30 ft above.river level. 


Mile 351: 


A vast bi-modal flow can be found adjacent to Smith Creek, 
Mile 351, near Wrigley. The overall profile of 3° can be estimated 
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off topographic maps and lobe angles of 4, 4 1/2° were measured in 
one portion of the flow. The flow is quite old as both the head 
scarp and lobe areas are well vegetated with spruce. 


Root River Flows: 


Large ribbon-like skin flows were observed on the steep 
north facing slopes of the foothills of the Camsell Range near 
the Root River. At one location some 10 flows have occurred on a 
relatively steep hill-side, estimated at between 23° to 33°. The 
flows appear to be seated in colluvium derived from insitu weathering 
of shales. These flows have occurred frequently in the past as 
marked strips in the form of changes in vegetation cover the north 
facing slopes in this area are witness to past movements of the same 
type. “These"“flows are in the order of 1000 ft long, 50 to 75 ft 
wide, and from 1 to 3 ft deep. In all cases a large mound of coll- 
uvium and vegetation is piled up at the toe of the flow. A cross- 
section along a typical skin flow has a steep head scarp section 
and a more shallow run-off section. 


Wrigley River Flows; Plate 2: 


Well developed skin flows were noted on some small trib- 
utaries of the Wrigley River. These flows may be seated in till. 
The flows occur on the south facing slopes which have recently 
been burnt over. Long finger-like flows co-exist with sections that 
have coalesced into broader sheets. Slope angles can be estimated 
to be from 14° to 16° for north banks and from 9° to 10° for south 
banks which, although burnt, have not failed. 


MILE 355 TO 394 AND 394 TO 426 


Maps of these sections are given in Fig A.6 and A.7. 
From Wrigley at Mile 355 to the Dahadinni River at 417 the Mackenzie 
River flows in a single channel of fairly regular width with little 
sign of lateral shifting or bank instability. There are very few 
islands and a well defined trim line appears to demarcate the 
average annual flood level. Beaches are well cobbled. 


Opposite the Johnson River at Mile 394 a series of small 
inactive landslides are apparently seated in till. In the reach from 
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355 to 417 outcrops, where visible, are of till or bedrock. At Mile 
426 outcrops of shale and interbedded sandstone dip 1 1/2 ft to 2 
ft in 100 ft downstream. 


‘MILE 440 TO 491 


A map of this section is given in Fig A.8 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 


Below the Dahadinni and to the Redstone the Mackenzie 
flows in a straight reach with little bank instability but frequent 
sand bars and small islands. The character of the river then changes 
at about a point marked by its confluence with the Redstone at 
Mile 443. From here, and until Police Island, Mile 500, where the 
river changes course to the west the river is characterized by 
Sinuous channels and many islands formed from recent fluvial deposits. 
There is frequent channel splitting around sand bars and wooded 
islands. The nature of the banks also change and frequent landslides 
occur. Although the left or west bank is seated in low lying and 
apparently easily erodible recent fluvial deposits instability is 
wholly restricted to the east bank. 


A primary cause of instability in this area seems likely 
to be the inflow of coarse bed load from the Keele and the Redstone 
Rivers. These braided gravel tributaries dump, during flood stages, 
large amounts of bed load into the Mackenzie. The Mackenzie, in 
turn, cannot carry these imposed loads and deposits them in the form 
of islands around which it must pass. 


It is clear, however, that the formation of islands and 
their influence on lateral channel shifting while being a necessary 
is not a sufficient condition for instability. It can be seen that 
the conditions downstream from the Dahadinni would also favour 
landslides as it is also a braided gravel river and many islands and 
sand bars are contained in the Mackenzie downstream from this con- 
fluence. The banks however are seated in tills and bedrock with 
the result that instability is generally absent. 


The widening of the river channel below the Keele is a 
direct consequence of the bank stratigraphy in this reach. Massive 
deposits of GLB silty clays overlain by sands outcrop along the 
east bank. These glaciolacustrine deposits are very erodible and 
on the basis of experience in other regions of the study area likely 
contain massive ice lenses. 
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As will be pointed out in the detailed observations that 
follow the situation is, however, not entirely clear even in the 
reach from Mile 457 to 480. Frequent till exposures daylight at 
river level from Mile 457 to about 469. These till deposits 
influence the landslide morphology in this reach. Below Mile 469 
no till was noted at river level and the slides are seated in 
silty clay. This observation may in part explain the comparatively 
great width of the river between Mile 469 to 480 in relation to the 
reach immediately upstream. 


To facilitate an appreciation of the many features along 
this reach, more detailed plans for Miles 455 to 470 and Miles 470 
to 488 are given in Figs A.9 and A.10 respectively. 


Mile: 440.to 470¢ 


Till exposures are common along the east bank from 
Mile 440 to 470. Above Mile 457 the banks are almost entirely 
till while below Little Smith Creek the till is lower although it 
may reach as high as 80 ft above river level, locally. The till 
has an effect on the geomorphology of the landslides and although 
there appears to be some slides the overall impression is one of 
flow dominated movement. Within any landslide upright vegetation 
is absent and there is a high degree of mobility. In active land- 
slides the overlying silty clay can be seen to have sloughed out 
and over the underlying till. In other locations the Mackenzie 
has eroded away colluvial debris truncating the toe portion of 
landslides and clearly revealing the soil stratigraphy. Inspection 
of these areas is difficult as banks are almost vertical, the 
current swift and seething, and there are few locations where boats 
may be moored. However, a typical site was observed in a cut bank 
some 1500 ft up Little Smith Creek. Here, clayey silt had flowed 
out and over the underlying till and it could be seen where the 
colluvial material remained dried onto the till banks. These 
perched landslides are classified as bi-modal flows although they 
may, in places, partake of more of an MR flow appearance, There 
is no evidence to suggest whether or not the underlying tills under- 
goslide or flow movements or if they are eroded and removed by direct 
river action and by fall landslides 


At Mile 465 fluvial deposits choked up between islands have 
diverted the river from beneath the steep east bank. Where there 
is no active toe erosion banks are stable. 
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At Mile 469 a large mass of frozen silty clay was observed 
at river level. This soil had apparently slumped down from higher 
up and on June 16, 1972, ground ice could be seen where the block 
had been undercut by the river. By July 16 no trace of this block 
could be found. 


Mile 470 to 480: 


Below Mile 470 the till, which has been dipping down river, 
is now absent. Soil stratigraphy from Big Smith Creek, Mile 471, 
Fig A.1l1l, Plate 3, and Old Fort Point, Mile 480, Figs A.12 and A.13, 
Plate 4, have been classified as bi-modal flows. While the lobe 
angles are steep compared with other bi-modal flows there is a strong 
bi-angular profile. At first sight, these landslides and others in 
this reach seem to be some form of block slide as they would appear 
to have undergone rotational displacements. There are, however, 
certain distinctions that separate these landslides and the block 
slides classified elsewhere. At both sites the top of the landslide 
mass that resembles a block is utterly devoid of upland vegetation. 
An inspection of both landslides revealed many spruce trunks buried 
or partly buried in colluvial debris. At the Big Smith Creek site, 
Plate 3, a single line of upright spruce can be seen bordering the 
base of the head scarp. 


While there may be slide movements occurring within the 
tongue portion of the two landslides the overall impression is one 
of flow dominated movements. © Bi-modatily is also introduced into 
the classification of these landslides by the different failure 
modes apparent. Close inspection of the smooth, steep head scarps 
at the Old Fort Point site has revealed that ongoing processes 
involve the detachment of a slab of insitu thawed soil that flows 
down-scarp ending at a bump at the break in slope and adding mass 
to the block-like central portion of the flow, Plate 4. The 
single row of trees at the Big Smith Creek site indicates a similar 
failure mode. 


It is likely that the Old Fort Point and Big Smith Creek 
Landslides represent an earlier stage in the development of more 
mature bi-modal flows that are found close-by. None of these 
profiles have been surveyed but bi-angular profiles of 5° lobes up 
to 1000 feet long with 35° head scarps are reasonable estimates 
based on aerial observation and photographs. These flows are 
mature and partly stabilized with second growth vegetation and are 
common in the river bends at Mile 472 and Mile 480. 
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Mile 472 (Ice Buttress Landslide); Plate 5: 


A bi-modal flow, at Mile 472, has a distinctly bi-angular 
profile with a steep scarp and low angle frontal area and when 
first encountered exhibited one feature of great interest. On June 
16, 1972, a massive buttress of frozen sand at the top of a bare 
head scarp was observed cantilevered out over thawing clayey silt. 
By July 15 the buttress had diminished considerably and by July 
30 it had almost vanished. When first observed its estimated 
dimensions were 25 feet deep with a 20 foot extension. Ice was 
clearly visible in ice wedges within the frozen sand. The sand 
continually thaws and spills off the buttress in small pieces. 
Depending on the initial position spalled sand either fell to the 
bottom or was collected on the scarp. This collected material then 
reached a critical height and flowed in a surge down to the main 
lobe of what is classified as a bi-modal flow. 


Immediately downstream of this flow the banks have a 
distinctly bi-angular profile and are similar to bi-modal 
flows elsewhere, (for example; the Fort Norman Landslide, Mile 517), 
except that they have coalesced into a broad front. 


Miles 475 and 484: 


Large MR slides at these locations, Fig A.10, are found 
as isolated features in this section of the Mackenzie. The MR 
Slide at Mile 475 is visible on the 1947 aerial coverage but is 
still active as a prominent toe has been recently thrust up into 
the river. : 


Immediately downstream of Mile 475 the river is not 
actively eroding the GLB scarp and sand bars are found along the 
toe of the scarp. There is an absence of any instability. 


Mile 440 to 480 (Summery of Observations): 


The morphology of the landslides in this reach change as 
the stratigraphical sequence changes. The interpretation of the 
relative influence of till level is complicated by the apparent 
conclusion that some of the landslides noted are at different stages 
in a cycle of degradation. 


Above Big Smith Creek instability appears to be restricted 
to the silty clays overlying till. Im some sections this clay has 
slumped out over the till sequence masking it and movement has 
occurred at a faster rate than the rate at which the Mackenzie can 
remove the colluvial debris. Given the velocity of the Mackenzie 
River and its apparent erosive power in this reach it appears that 
mass movements are large and catastrophic in nature. When viewed 
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on aerial photographs the landslides have a much more truncated 
appearance than do those downstream of Mile 470. This is because 
for the same overall bank height the flows perched on the till 
cannot extend as far back as the flows seated at river level. 


Below Big Smith Creek, Mile 470, no till outcrops. were 
seen. Stabilized landslides with vegetated head scarps have a 
distinctly bi-angular cross-section with low angle bowls and steep 
head scarps. More recent landslides such as the Old Fort Point 
Landslide and the Big Smith Creek Landslide have a steeper overall 
cross-section. Although these two landslides have a blocky 
appearance the apparent top of the block is denuded of any upland 
vegetation. True block slides noted elsewhere have identical 
vegetation covers to that which is established on the terrain above 
the head scarp. 


At Mile 475 and near Mile 484 certain multiple retro- 
gressive features are noted. These slides are relatively old as 
they appear on the 1947 photo coverage. They are, however, different 
in morphology from the more cirque-like landslides common below 
Mile’ 470. 


MILE 497 TO 565 


A map of this section is given in Fig A.14 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 


Mile 500: 


There are many scars of old landslides along the right 
bank of the Mackenzie River on the great bend at Police Island. 
Above Mile 500 there are occasional active flows. Although no bed- 
rock was observed at river level above Mile 500 the morphology of the 
flows indicate that the glacial lake sediments form only a veneer over 
till and bedrock. The flows appear to be failing along steep slopes 
in the tongue portion. It is likely that the flows have slumped out 
over more resistant sediments. Below Mile 500 bedrock was visible 
and the flows in this reach are perched about 40 feet above river 
level. 
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Mile, 502: 


A large rock landslide in Tertiary sediments is seated 
on the north bank. Below Mile 507 and to Fort Norman there are 
many exposures of Tertiary sediments. Burning coal seams and 
consequent red staining is common in this reach. Near Fort Norman 
ice wedges were observed in drift overlying Tertiary deposits. 


Mile, ols to p16: 


A sequence of large slides seated in glaciolacustrine 
silts and silty clays are found along the south bank of the 
Mackenzie just downstream from Fort Norman. Slope instability 
processes have been active in the past as the river is very wide 
in this reach. In this reach the stratigraphy consists of sand 
overlying silt-sand rhythmites in turn overlying silty clay. 

On the helicopter survey it was noted that most slides involve 
movement of a single block although occasional multiple retro- 
gressive features are present. Inspection of aerial photographs 
confirms that most failures have a blocky form. 


Slump blocks are commonly flat-lying although some back- 
titled slumps have been noted, particularly in those blocks that 
have moved down almost to river level. Just downstream from Mile 
513 a large gully lying perpendicular to the river exposes a cross- 
section where both forward and backward tilting of the silt-sand 
rhythmites was observed. Along or parallel with the river exposed 
silt-sand layers are generally horizontal. However in some places 
abrupt changes may occur. Dips were never greater than about ion. 


Well-developed gullying is associated with these slides. 
Gullies first develop at right angles to the river. They are V- 
notched with steep sides and do not extend much backward of the slide 
areas. Frequent extensions to the gullies occur at right angles to 
the perpendicular gullies and run parallel with the river. Sand has 
fallen down and covered over the sedimentary sequence in many of the 
gullies. However the depth of the gullies suggests that the sandy- 
silt facies of the GLB sequence extends almost to river level. Blue 
silty clay was noted at river level in this reach. 


Mile 517. (Fort.Norman, Landslide);.Fig,A.15, Plate, 6: 
A large bi-modal flow called the Fort Norman Landslide, 


Mile 517 was the subject of relatively extensive investigation. 
The headscarp, standing at a steep 36° angle, has a relatively smooth 
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face and a classic semi-circular shape. A test pit was dug at the 
base of the head scarp just east of centre. At a depth of some 18 
inches horizontally into the bank a frozen silty clay with vertical 
and horizontal ice lenses was encountered. This silty clay extends 
to within 20 ft of a 110 ft scarp and is overlain by silty sand. 

A series of V-shaped gullies ring the top of the head scarp and are 
covered over with draped vegetation. These gullies may result from 
melting of ice wedges. Frozen ground was encountered by probing 

on the upland behind the head scarp, and thawed soil was found 
flowing out from beneath vegetation covers in a small ravine half- 
way down the east scarp. 


The lobe area lies on a low 3° angle overall and smaller 
lobate features can be found superimposed on the lobe near the toe. 
Towards the head scarp on the east side larger lobes some 5 to 10 
ft high appear to be the remnants of material derived from the head 
scarp. Two small streams are also contained within the flow. 


A large silt run extends over an area of some 5,000 sq ft 
at the base of the head scarp just east of centre. The run consists 
of a colluvial silt and clay mixture and lies at an angle of 3.5°. 
Small mud boils, up to 3 inches in diameter, pit the surface of this 
silt run and water can be seen slowly weeping out from their craters. 
On June 17, the transducer piezometer was pushed to the thaw inter- 
face at locations Pl, P2 and P3, Fig 2.3 and excess pore pressures 
measured. A further test, P4, was made on June 23, 1972, anda 
Geonor open standpipe test was made at location Gl. About 1/2 hour 
after the piezometer was withdrawn from test Pl a mud boil began to 
form in the hole vacated by the probe. A plopping noise could be 
heard and once the silt settled in the small puddle a mud boil was 
found. 


The Fort Norman landslide appears on both the 1950 and 
1961 aerial photography of this area. Comparative measurements of 
the location of the head scarp with upland features suggest that 
some 120 feet of movement has occurred in 11 years. 


Mile 518 (Little Norman Landslide); Fig A.16: 


A smaller bi-modal flow called the Little Norman Land- 
slide, Mile 518, is found one mile downstream. This flow is now 
well stabilized and the bowl treed, although the 1950 coverage 
indicates activity. Inspection of the banks immediately upstream 
indicates that the silty clay occurs much lower down at this site 
than at Mile 517. Sand and silty sand interbeds were noted almost 
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to river level where a blue-fissured silty clay had been exposed in 

a recent wave cut platform. Probing at various locations down the 
thickly vegetated head scarp encountered frozen soil and a test 

pit advanced at the base of the scarp encountered frozen soil beneath 
a thawed sandy silt. 


Mite 55.1: 


For about one mile above and below Mile 551 frequent bi- 
modal flows are encountered, some with a changing morphology that 
reflects different stages in development. More mature flows are 
only marginally active, partly overgrown with small birch and poplar, 
and have a truncated appearance. These bi-modal flows are older 
flows that have reached some sort of equilibrium at the headscarp and 
are now having the greater portion of their tongues eroded away. 
Towards Mile 550 more recent flows are noted with low angle lobes off 
7° to 8° starting at the trim line. 


Mile 530 to 535 (Halfway Island Landslides): 


Bi-modal flows partly controlled by bedrock elevation 
are found opposite Halfway Island, Mile 530 to 535. From Mile 530 
and to about halfway around the bend, bi-modal flows are seated at 
river level. Below this point bedrock starts to rise and flows 
seated in clayey silt spill out and over almost vertical rock 
exposures, 


Mile 556: 


A steep exposure of GLB sands and silt with blue silty 
clay at river level is found in a headland being actively eroded by 
the river. No landslides occur in this reach although abrupt 
changes in the dips of originally horizontal sand-silt layers were 
noted. Inspection of aerial photographs indicates that an old flood 
plain terrace is seated on top of the bank in this section 


MILE 621 TO 660 


A map of this section is given in Fig A.17 and specific 
mileages of special interest are indicated. Detailed observations 
along this section follow below. 
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Mile 621 (Axel Island Landslide): 


A large MR slide is seated in the north bank of the 
Mackenzie opposite Axel Island. Bank heights range from 185 to 
235 ft and the overall angle of active areas of instability range 
From 9.5° to 14°, Adjacent banks stand at angles up to 23°. 


Many arcuate ridges stepped back en-echelon from the 
river were noted. The slide was flown over and a rotational aspect 
of failure of the head scarp was apparent. Extensive exposures of 
silty clay along the toe were noted and small bi-modal flows 
contained within the toe attest to frozen ground. This landslide 
might be considered to be an MR flow. 


Upstream of this landslide frequent bi-modal flows have 
occurred in a recently burned-over area. 


Mile 635 (Hanna Island Landslide); Fig A.18, Plate 8: 


The Hanna Island Landslide, Mile 635, presents many of 
the features typical of the bi-modal flows of the Sans Saults Rapid 
area, The head, left and right scarps are all steep and have, 
here and there, organic mats draped down over the scarps. The lobe 
is devoid of living vegetation and several smaller lobes are contained 
within the main area. This flow was visited twice in a 2-week period 
and evidence of movement could be seen in the change in altitude of 
a series of arcuate thrust ridges at the toe of the lobe. Upslope, 
and at either side,of the flow burned-over spruce indicates that 
a fire has recently gone through the area. Upslope from the flow, 
tension cracks parallel the headscarp and many are likely due to 
the severe desiccation of the organic mat after the fire. However, 
one crack has split a 16 inch diameter stump. 


A test pit was cut into the right or north scarp beneath 
an overhanging moss cover. A plastic blue fissured clay was 
encountered and at about 18 inches into the scarp frozen soil with 
both vertical and horizontal ice lenses up to 1/8 inch was revealed. 


Mile 642: 
This landslide has a steep head scarp of 28°, a relatively 
steep lobe of 13°, and a steep toe falling over the trim line and 


on down to the river. As such it is a bi-modal flow. 


The head scarp is melting and ground ice with lenses up 
to 6 inches thick is exposed. A silty colluvium flows in pulses 
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down to the break in slope at the lobe. On the head scarp soil 
undercut by melting ice or thawed soil falls down and collects in 
small pockets or "pools". At a certain critical point this 
aggradation of colluvium then flows down-slope carrying contained 
clods of intact soil and any other debris that it has collected. 
Movement also occurs by gravity fall of large blocks of dried silty 
clay which were observed rolling down the 28° head scarp and coming 
to comparative rest in the bowl. Upon reaching the lobe the pulse 
breaks up and moves out on a slope of about 6 1/2° to 7 1/2°. Angles 
were taken with a Brunton compass by floating a plywood board on 
the lobe. The flows are quite liquid with hard crumbs of soil and 
small pebbles and sand (from the overlying sand strata) contained 
in them. 


The transducer piezometer was placed in the lobe below 
the break in slope andat 2.05 ft a pore pressure reading of 2.3 
feet was obtained. 


This site was visited twice in 2 weeks and on the second 
visit it was apparent that lobes of soil some 1 foot thick had moved 
down the bowl of the flow. 


Mrile 642 to 653: 


Frequent landslides occur along the west bank of the 
Mackenzie seated in GLB soils. In this reach the sand and sandy 
silt member of the sequence is relatively thick although it appears 
to thin to the north. Frequent sightings of the blue silty clay 
were found at river level along the banks. 


Immediately downstream from Mile 642 and to Mile 646, 
the landslides have a tendency towards a bi-modal flow type with 
steep head scarps and lower angle bowls. The angles in the bowls, 
however, are typically greater than about 15% Sivtismoet oldareif 
these landslides represent a later stage in the development of the 
block slides found downstream or if they manifest changes in 
stratigraphy. No discernible changes in soil composition were 
noted but as the landslides are either partly stabilized and vege- 
tated or well covered over with sandy colluvium from above, the 
stratigraphy is not clear. 


Below Mile 646 and to Mile 655, block slides are 
common along the west bank of the Mackenzie. At one site, Mile 658, 
a large intact block of frozen sand and silty clay some 40 ft high 
and 500 ft long by 200 ft deep is being undercut by the river, Plate 
7. 
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The block has apparently slumped down about 170 ft to 
its present location and is covered with vegetation identical to 
stands on the head scarp. Although there is some localized back- 
tilting of sand-silt layers near the toe the block itself has moved 
with little apparent rotational movement. The block itself is 
frozen and well developed ice wedges could be seen along the front 
of the block. 


The landslides in the reach from about Mile 642 and 
on are associated with severe gullying. This gullying complicates 
the interpretation of the bank morphology as in some places it 
appears that the profiles attributed to block slides may have been 
caused by erosion. When inspected on aerial photographs there 
appears to be clear evidence of slide activity. 


Below Mile 642, bi-modal flows cohabit with block 
slides and may represent a later stage in a cycle of degradation. 


Mile 653: 


At Mile 653 the high bank that has been following the 
shore of the Mackenzie from Mile 642 turns inland along an old 
abandoned river channel. The old scarps along the west side of the 
channel have a low angle slope and knobby appearance apparently 
characteristic of old GLB scarps. The same feature can also be 
found on the east bank of the Mackenzie opposite the confluence 
with the Hume River. 


Carcajou River (Site Cl): 


A’ series of perched bi-modal flows at this site have 
been inspected from a helicopter and on aerial photographs. The 
flows occur along the 200 ft high west bank of the Carcajou over a 
2 mile reach, and are seated in GLB soils over cretaceous bedrock. 
As one proceeds up-river the elevation of the bedrock rises and 
instability is, therefore, seated higher and higher up the bank. 
Bi-modal flows appear to be active and in one instance a tongue has 
spilled out and over the bedrock. One large landslide at the 
beginning of the sequence has elements of slide movements and on 
aerial photographs the suggestion of a slab-like failure eXists, 
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Mountain River Landslides: 
(i) Mountain River (Site Ml); Fig A.19, A.20, Plate 9: 


A series of MR slides occur on the south bank of the 
Mountain River at the first bend that is seated in GLB soils. 
These landslides are deep-seated, exhibiting some degree of back- 
tilting and have progressed backwards into the GLB upland by a series 
of retrogressive failures. 


A borehole advanced some 400 ft behind the headscarp 
revealed a soil profile made up of glacial-lake deltaic fine sands 
and gravels overlying interbedded sands, silts and silty clay. An 
unfrozen loose sandy silt was encountered at 156 ft below the 
permafrost table. The detailed borehole log is given in Appendix 
B. Observations made during the summer 1972 noted gravel up to 3" 
in diameter inthin seams, and cross bedded and delicately laminated 
structures in the sands and silts. This soil sequence of sands and 
interbedded silts and minor clay is, in turn, underlain by a more 
extensive deposit of blue silty clay. 


A tour of the toes of the slides was made by foot, 
during July 1972, and frequent exposures of Mountain River Blue Clay 
were noted. In one outcrop it appeared that a once horizontal seam 
of clay had been squeezed up and out as a sweeping curve of clay 
protruded above river level. The clay projected out almost at 
right angles to the bank and then curved upstream. In the area 
where the blue clay was sampled, a well-developed macrostructure 
of both vertical and horizontal fissures was observed. Although 
no ground ice was observed in the blue clay along the landslide 
toes the well-developed fissuring suggests a former frozen state. 
The results of the drilling programme show that the undisturbed clay 
at river level should be found in an unfrozen state. 


Recent river action, (July 1972), at the downstream part 
of the bend has sliced away an excellent exposure of a slump block. 
Exposed along this cut is a seam of blue fissured clay. In fresh 
exposures ice lenses could be seen contained along both horizontal 
and vertical fissures. These lenses appeared to be very thin surface 
coatings in some instances. No samples could be taken. The clay seam 
was some 2 ft thick and the fissure system split the clay into 
blocks some 4 to 8 inches square although much finer features were 
also evident. It is noteworthy that many vertical veinlets of ice 
disect the clay. This cutting had also bared a good profile of 
massive ground ice. On the second visit to this site some 12 days 
later much of the original exposure had been melted away and a 
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large block of frozen ground had failed in tension due to the 
severe undercutting during the preceding fortnight. Behind this 
block the glimmer of massive ground ice could be made out when view 
-ed (in the helicopter) from above. This feature had disappeared 
completely when the site was visited during March, 1973. The 
frozen clay found in this section has apparently moved down from 
higher up in the bank due to landslide movements. The same type 
of frozen, fissured clay was not encountered in the borehole, Ml. 


The landslides at this site are characterized by both 
blocky failures and more multiple forms. Slide blocks exhibit 
varying degrees of backtilting which becomes more marked as the slide 
masses fall to near river level. The surface of the slide blocks; 
that is, the old glacial lake plain surface, are covered with 
stands of spruce identical to the upland spruce in undisturbed areas. 
When viewed from the air some of these stands are vertically upright 
while others are inclined perpendicular to the non-horizontal surface 
of the slide blocks. 


Well-developed gullying is found in conjunction with 
these slides and commonly extends further back into the upland than 
do the mass movement features. These gullies are V-shaped, deep 
seated, and suggest that easily erodible soils make up the bulk 
of the cross section. These gullies are rimmed along their tops by 
heavy spruce covers which are commonly forward tilted with vegetation 
overhangs draped down and over the steep sand slopes of the gullies. 
These features, in conjunction with recently deposited trees found 
along the gully floors, suggest that the sand banks are actively 
melting and that, seasonally, an active layer skin of sand thaws 
and detaches itself. 


Samples were obtained at various depths in boring Ml 
using a 1-1/2 inch diameter spoon and a 3 inch diameter thick- 
walled Shelby tube. Full recovery was generally obtained, however, 
the ends of the Shelby tubes were always buckled. The results of 
the drilling operations and all pertinent information is presented 
in Appendix B. 


An unnamed MR slide was observed some 2 miles upstream 
from site Ml, Fig A.17, during the aerial reconnaissance of 
September, 1971. In this slide recent failures near the head 
scarp have resulted in large tension cracks and tears developing 
in the slump block near the head scarp. 
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(ii) Mountain River (Site M2); Fig A.19, Plate 10: 


At at least 4 sweeping bends near the mouth of the 
Mountain River the river is actively eroding fluvial deposits. 
These deposits are recent in that they are not GLB silts or clays 
but rather sediments laid down in the flood plain of the Mountain 
River. When inspected during June, 1972, the bank appeared to be 
in the order of 15 ft high but at low winter water level they are 
some 30 ft high. Banks are made up of dark brown silts and sands 
overlying gravel at river level. 


The silts and sands, and likely the gravels, are 
frozen. Ice lenses were noted at some locations. The action of 
the river is to erode away and melt out the gravels and some of the 
silts leaving a slab of frozen silt and sand cantilevered out over 
the river. As the top of the slab is still covered by the usual 
organic cover the mass of frozen ground ablates from only the front 
and the bottom. In some instances the rate of lateral erosion at 
the bend in the river is such that the tensile strength of the 
frozen ground is exceeded and a large block falls into the river. 
The rates of lateral erosion have been estimated by comparing the 
relative position of the river bank, for the three sites noted on 
Fig A.19, on aerial photographs taken in 1950, 1967, and 1971. 

For site M2-1 erosion totalled 210 ft from 1950 to 1967 and 150 ft 
from 1967 to 1971. For site M2-2, erosion of 160 ft and 300 ft occ- 
urred, and for site M2-3, a total of 780 ft was measured between 
1950 and 19/71. 


(iii) Mountain River (Site M3): 


The remains of a large, ancient, bi-modal flow were 
noted perched some 50 to 75 feet above bedrock on the right or 
south bank of the Mountain River, Site M3, Fig A.17. A volume of 
material in the order of 3 x 108 cu yd has been moved out of the 
flow area and into the Mountain River. No trace of recent activity 
is evident. 


Hanna and Hume River Landslides (General Observations): 


Both the Hanna and the Hume Rivers were inspected by 
helicopter and water based operations and one site described in the 
next section was the subject of a winter drilling programme. These 
two rivers are very similar and develop identical types of landslides. 
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The Hanna and the Hume meander in a wide channel 
entrenched up to 100 ft into the surrounding GLB upland. Well- 
developed thermokarst features pit this upland and extensive frozen 
ground conditions can be expected. As the rivers meander in their 
entrenched channels the bends in the river come into contact with, 
and erode, GLB scarps. The greater percentage of active bends abut 
this upland and the straighter reaches are cut through recent 
fluvial deposits. 


The frequency and extent of flow landslides along the 
Hume and the Hanna is striking. A forest fire has recently swept 
through both areas and the effects of fire coupled with intense river 
erosion has resulted in active instability. 


The landslides observed along the Hanna and the Hume 
fall into the’ following types: 


(i) “Skin Flows 


Skin or long ribbon-like flows occur on slopes from 
6° to 9°. Movements are shallow and involve the downslope displace- 
ment of mineral soil and vegetation covers. These flows occur 
frequently in burned over areas and they may coalesce to form a large 
sheet of instability. 


(ii) Bi-Modal Flows 


Bi-modal flows are common along the banks of both 
the Hanna and Hume Rivers and are found mainly at river bends. They 
appear with greater frequency in recently burned over areas. Chara- 
cteristically, lobe angles of about 6° were measured and even lower 
angles were noted on aerial surveys. Head scarps range from 12> to 
steep, about 25° to 30°, inclinations. Although more than one bi- 
modal flow may be found at any given location each flow has its own 
circular head scarp. Rapid movements are evident and in many 
instances terminal zones are thrust out into the river causing a 
sharp detour of the channel and, in areas, damming the river and 
hindering boat movement. 


(iii) Rotational Slides 


Small rotational slides are found in fluvial 
deposits which are likely unfrozen as they occur immediately 
adjacent to the river. They rarely extend much behind the trim 
line. These rotational slides have only been observed along the 
straighter reaches of the Hanna and may be associated with rapid 
drawdown conditions due to fluctuating river levels in the Mackenzie 
or to river erosion. Their proximity to the river and evident 
rotational aspect suggests that the slides are not associated with 
frozen ground. 
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These rotational slides can also be found on the banks 
opposite bi-modal flows. As the toe of a typical bi-modal flow 
juts out into the river, the river must rapidly change direction 
around the toe and in doing so erodes the opposite bank. As bi- 
modal flows are seated in the GLB upland the opposite bank is made 
up of recent fluvial deposits. 


Civ) Heats 


Fall landslides are, however, more common opposite 
bi-modal flows. The fluvial deposits that are being actively eroded 
are frozen and well developed ice wedges which have been noted in 
one clear exposure attest to this condition. Depending on the 
relative rates of river erosion and thermal degradation a rotational 
slide may not develop. Instead, extensive thermal and physical 
erosion results inthe formation of a thermal erosion niche and the 
failure in tension of a block of frozen ground. This failure mode 
is referred to as a fall. These falls are seated in fluvial 
deposits and the consequences of small fall landslides do not seem 
to be severe because although up to 25 feet of frozen ground may 
be exposed flow landslides do not develop. 


Evidence of small falls can also be seen seated 
in GLB soils. These falls occur along the top of the trim line in 
areas where there is little or no protection from erosion by a 
protective buffer of willows and low brush. Forward tilted trees 
are considered to be an indicator of these small falls. 


Hanna River (Site Hl); Fig A.21: 


A piezometer test, Hl, was made at the base of the head 
scarp of a bi-modal flow, Fig A.21. An excess pore pressure 
discussed elsewhere was measured. It should be noted that a series 
of slope profiles taken of flows along the Hanna River are reported 
imrlables Zisliyands2 o2- 


Hume River (Stte Hull): -Fies. Avl/, A.225°A.23,. Plates lin 12; 


A series of bi-modal flows can be found at the bend of 
the Hume River located on Fig A.17. Historically, landslide 
activity apparently began at the bend in the meander but has since 
migrated some 2,000 ft downstream along the north-facing bank which 
is seated in GLB soils. When viewed on 1944 aerial coverage the bi- 
modal aspect of these flows was evident as the most easterly flow 
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was still active and a steep headscarp region could be seen to be 
melting. In 1944 an extensive tongue reached out into and crossed 
the 250 ft wide channel causing severe erosion of the opposite bank 
and a sharp detour of the river. This most recent flow has now 
receeded back from the river as far as it can go and there is no 
evidence of headscarp activity. The bowl of the flow is treed with 
light brush and the prominent 1944 tongue has been almost eroded 
away. The large cut made in the opposite, north bank is partly 
infilled..., This cycle; of cutting and infilling has also occurred in 
the past along the north bank as evidence of a slip-off slope and 

a refilled channel section can be seen upstream of the present cut. 


The bowl of the most recent flow now lies at an angle 
of about 4° overall compared with the average 12.30 slope of the 
south bank immediately downstream. Downstream from the flow and 
along the toe of the relatively undisturbed bank some form of 
instability process is indicated by instability in a row of large 
spruce bordering the bank. 


A series of borings were advanced in an undisturbed 
portion of the glacial lake scarp downstream from the most recent 
flow in order to re-create pre-flow conditions. Boring HU1-2 
was located within 100 ft of the Hume River and was only advanced 
57 ft. No boring was made in the centre of the river and, therefore, 
it is not known if permafrost will be found beneath the river. 
However, it is expected that the Hume River will not freeze up 
completely during the winter months and by maintaining an average 
temperature greater than 0°C will not have permafrost beneath it. 
Furthermore, as neither boring HU1-1 or HU1-3 penetrated the 
permafrost table the exact position of the 0°C isotherm is unknown. 
The most likely position is shown in Fig A.23 


The borings advanced at the Hume River site were drilled 
up''to a depth of 150 ft using air return. No difficulty was 
experienced with clogging and frozen clay chips were brought to the 
surface. Sampling using thick-walled 3" Shelby tubes was attempted 
but the tubes buckled on insertion and sampling was limited to the 
1-1/2 in and 3 in split spoon samplers. 


The borehole logs are given in Appendix B as are plots 
of water (ice) content with depth. It should be noted that the 
water (ice) contents in hole HU1-2 are higher in the first 20 ft 
than in the other 2 borings. These higher water contents reflect 
the difference in sampling technique as large bags of chip samples 
were taken in HU1-2 while water content samples were taken from 
the split spoons for the other 2 borings. 
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Atterberg liquid and plastic limits are also shown in 
Appendix B in relation to the water (ice) contents. It can be 
seen that the limits are essentially constant over the entire 
depth. 


The soil encountered in all borings is a brown silty 
clay, CL, with the exception of a lense of brown clayey silt, CL, 
found at 6 - 8 ft in HU1-1. This conclusion is, however, not based 
on continuous sampling. 


The ground ice conditions at the Hume River site have 
been logged according to the NRC classification. The dominant 
ice type is classified as Vr which occurs in sub-horizontal and 
sub-vertical lenses of varying thickness up to about 1-1/2 inches. 
The ground ice encountered appears to make up a lattice-like 
structure surrounding large masses of overconsolidated silty clay 
with water contents as low as from 19.1% to 21.0%. 


Hume River (Site HU2); Fig A.24: 


A series of bi-modal flows located at the northern- 
most bend in the Hume River are sketched on an overall plan, Fig 
A.24, Seen on low altitude 1944 aerial coverage steep head scarps 
are evidently melting and large amounts of thawed soil are being 
deposited in the Hume River. Active flows have caused the river to 
detour around the toe and to actively erode the opposite banks. 
Scars of many older flows line steeper scarps abutting the GLB 
upland and the only sections in which evidence of movement is absent 
is along low lying terrace scarps. 


The rate of back-sapping of the head scarp of one of the 
bi-modal flows noted on Fig A.24 can be calculated by comparing 1944, 
1950 and 1971 aerial photography. The scarp has moved back 250 ft 
from 1944 to 1950 at an average rate of 40 ft/yr. From 1950 to 1971 
the total movement was another 250 ft but by 1971 the landslide was 
stable and inactive and the prominent toe partly eroded away. 


Hume River (Site HU3); Fig A.17: 


A series of MR slides are seated along the east bank of 
cha Hume River as located on Fig A.17. The bank heights in this 
reach are estimated to be at least 150 ft. Probably soil strati- 
graphy is sand over clay at river level. Sand is expected in the 
sequence as there are several deep-seated gullies in association 
with these slides. 
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A,ed OBSERVATIONS ON PERMAFROST CONDITIONS 


Ice-rich soil has been found in the headscarps of bi- 
modal flows in all parts of the study area. Although many of the 
smaller bi-modal flows found throughout the study area were not 
studied in any detail, well-developed ground ice was always found 
in the headscarps of those flows that were investigated. The ice 
encountered appeared to be of the segregated variety and was 
seen as frequently spaced rhythmically banded lenses of approx- 
imately 1/16 to 1/8 inch in thickness and with a frequency of 1/4 
to 1/2 inch. In some instances these closely spaced lenses graded 
into frozen soils with more or less uniform conditions separated 
by thicker ice lenses of clear ice, sometimes with soil inclusions, 
of from 1/2 to 2 inches in thickness. A similar distribution of ice 
forms was found along the east scarp of the Fort Simpson Landslide 
where the gradation of fine rhythmically banded ice into more 
massive ice lenses of up to, at least, 5 to 10 inches in thickness 
was observed in a scarp some 70 feet high. It can also be noted that 
the matrix of frozen soil contained within the thicker ice lenses 
is sometimes laced with a renticular network of sub-vertical and 
horizontal ice veinlets. The renticular, three-dimensional, 
ground ice form was found in test pits dug at the head scarp of 
the Fort Norman Landslide, Fig A.15, and at the Hanna Island 
Landslide, A.18, although the thicker lenses were not observed. 
This lattice ice is usually from 1/8 to 1/4 inch in thickness and 
splits the soil mass into a series of blocks or lumps. 


Segregated ice was also found in the headscarps of 
bi-modal flows seated in GLB soils near Mile 350 and in one flow 
investigated at Mile 642 but was not logged in any detail. Frozen 
ground was encountered in a test pit dug at the base of the head- 
scarp at the Little Norman Landslide, Fig A.16, but may have 
represented yet unthawed seasonal ice. 


Frozen ground conditions have also been found in the 
lobes of many bi-modal flows. Hand probes made in the lobe of the 
Fort Norman Landslide, Fig A.15, encountered frozen soil and a 
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smooth thaw interface at depths of from 1.6 to 3.1 ft and at 1.5 
ft in the Hanna River Landslide, Fig A.21. Probing with a 1/4 in 
metal rod has confirmed frozen conditions in the lobes of many 

of the smaller flows (see Sec 2.1.2). Frozen conditions were 
confirmed by driving the steel probe into the frozen layer with 

a hammer and assessing the resistance to torque once it has 
firmly seated, 


Ground ice has also been found in conjunction with 
the bi-modal flows found along the Mackenzie, from Mile 440 to 
480. These ground ice conditions were not investigated in detail 
at any particular site but, on the basis of observations made at 
chance exposures, a composite picture emerges. At Mile 470 a large 
mass of frozen slumped silty clay was observed at river level. 
Ground ice could be seen on June 16, 1972, where the block had 
been undercut by the river but by July 16, 1972, no trace of the 
block remained. Lattice ice in the form of vertical veinlets and 
horizontal lenses contained in a matrix of fissured silty clay was 
observed. Thermal erosion niches at river level are common and 
are associated with frozen ground conditions. At one location, 
just upstream from Mile 480, a very recent exposure some 20 to 
25 ft high of colluvial material revealed small ice lenses. In 
the reach from Mile 440 to 480 small bi-modal flows, elsewhere 
associated with melting ground ice are common in spruce covered 
banks that are not otherwise failing and seeps noted in the tongue 
area of the Old Fort Point Landslide may be derived from melting 
ices 


The clearest evidence of permafrost conditions were 
presented at the Ice Buttress Landslide, Mile 473, Plate 5, where 
a large block of frozen sand was found cantilevered out over 
silty clay GLB soils. Small ice wedges could be seen in the 
frozen sand which was continuously melting and spalling off. 


Frozen ground conditions have been found in conjunction 
with the block and MR slides classified in the study area. The 
best evidence was found at Mile 565 where a large block slide has 
moved down some 170 ft and has been undercut about 10 to 15 ft 
in along the toe. 


Well-developed ice wedges exposed along the block 
face and the magnitude of the undercutting attest to the presence 
of frozen conditions. As the block sits out in the river it is 
exposed in all dimensions. On the upstream side of the block a large 
crack infilled with roots and ground ice can be seen running into 
the block parallel with the river. This crack is not an ice wedge 
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_and none of the ice wedges along the toe exhibited similar features. 
This large crack appears to be a tension crack feature associated 
with instability in the block slide and the ground ice encountered 
can be classified as tension crack ice (Mackay, 1972). 


River action has sliced away an excellent exposure of 
frozen soil in the toe of one of the MR slides found on Mountain 
River. Exposed along this cut is a seam of Mountain River Blue 
Clay and in fresh surfaces lattice ice could be seen which, in 
some instances, appeared as very thin surface coatings. These 
horizontal and vertical lenses impart a fissure structure to thawed 
clay and split the clay into blocks some 4 to 8 inches square, 
although much finer features were also evident. The river action 
had also bared an exposure of massive ice. On the second visit to 
this site some 12 days later much of the original exposure had been 
melted away and a large fall had occurred as a result of the severe 
undercutting of the preceding fortnight. This fall consisted of a 
large block of frozen ground that had failed in tension and behind 
this block the glimmer of thick ice lenses could be seen when viewed 
from above in a helicopter. 


There were a range of features observed during the 
survey that suggest the presence of permafrost conditions in areas 
of active bank instability. Although no direct evidence exists 
in support of some of these features there is such a paucity of 
information in general about permafrost conditions in the study 
area that it is useful to review them. 


In some reaches of the Mackenzie River rapid changes 
in the attitudes of generally flat-lying sand-silt varves suggest 
conditions in which ground ice contained below the now tilted 
strata has melted out causing subsidence. Block and MR slides 
can be found in conjunction with a GLB sequence of sand over sand- 
silt varves over blue silty clay in certain portions of the 
Mackenzie River. These sand-silt varves are usually horizontal 
but frequent observation has been made of rapid changes in these 
varves resulting in apparent dips of up to 15° upstream or down- 
stream parallel with the bank and gentle anticlinal features have 
also been noted. These abrupt changes in dip seldom are found 
along sections of bank greater than 100 to 200 ft. As these features 
are found in banks where block or MR slides are either active or 
in which older features can be seen on aerial photographs it is 
possible that they are caused by landslides. Areas with these 
features have been found at Miles 298 - 302, Miles 306 - 310 and 
Miles 513 - 516 and in these reaches landslides are common, 
However, these tilted strata have also been found at Mile 556 
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where a steep, 150 ft high, exposure of GLB sands, sand-silts and 
silty clay at river level is found in a headland being actively 
eroded by the river. No landslides occur in the area and a detailed 
inspection of aerial photographs shows no trace of any deep-seated 
landslides. However, a high flood plain terrace is found along the 
top of the bank. As the navigation channel is routed beneath the 
bank river erosion must be active and in any other reach of the 
river, block or MR slides would be expected. It is possible that 
historically all permafrost melted beneath the river when it occupied 
the terrace causing subsidence and tilting of the strata beneath. 
Permafrost may not have been re-established in the bank or, if it has, 
has not resulted in the formation of conditions that promote bank 
instability. 


Permafrost conditions and high ice content soils can 
be reasonably inferred for a MR slide at Mile 350 and at Axel Island, 
Mile 621. In these slides bi-modal flows are common along the toe. 
At Mile 350 one flow was inspected in detail and segregation ice 
found in an exposure some 15 ft high in the head scarp of the flow. 
No detailed inspection was made of the bi-modal flows superimposed 
on the Axel Island Landslide but they are in all respects similar 
to flows found throughout the study area and which only occur in 
ice rich soils. The presence of these flows which require ice rich 
soils for their continued activity, therefore, strongly predict the 
existence of permafrost conditions within the overall slide mass. 
At Axel Island, permafrost conditions are also suggested by the 
thermokarst lakes in a GLB plain behind the head-scarp of the MR 
slide. 


A feature resembling a bi-modal flow in profile was 
found in a MR slide at Mile 300. This cirque-shaped bowl is seated 
in silty clay and is found in the toe of an active MR slide. It 
may have been caused by subsidence due to melting ice in the silty 
clay or in the silty portions at the base of the sand-silt varves. 
Probing encountered what is believed to be frozen soil at 3 ft in 
the bowl of the depression but although the melt water found in the 
bowl was exceedingly cold no visual confirmation of ground ice was 
made. 


Frozen conditions are also inferred along the banks 
of the Mountain and Hume Rivers where fall landslides and thermal 
erosion niches have been found. Although ice wedges, Table 2.6, 
have been found here and there in chance exposures, no other visual 
evidence of ground ice can be cited. However, as the sediments con- 
sist of coarse-grained sands and gravels with some silt it is quite 
evident that they are frozen or they would be unable to maintain 
their over-steepened position. 
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Permafrost conditions are also inferred in the headscarp 
of the bi-modal flow at Mile 218, Table 2.2. The headscarp of this 
flow has failed in a rotational fashion and a large rotational 
slide rings the headscarp A small rivulet with a significant flow 
of water issues forth from a large gully in the middle of the head- 
scarp slide. This gully was followed to its source inside the ~ 
rotational slide and a tour of the headscarp behind the slide 
revealed no extension to the rivulet. It is inferred, therefore, 
that the stream has as a source, melting ground ice. 
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Fig A.2 Fort Simpson Landslide 


OS ? 


wghee 1a ymes vidya camede 


weer voter se aver 


_800 


f 


ah 


a - & 
. % ih b 3 
i : | (ei bie 
: ° 
1 ¢ \ oe 
1 
i} rt 
kh): 
= 
, 7 oe ‘h 
; i Ph a te 
} : Df . 
oe , a iF 
i, Ae 
' 
t y : thee 
’ » 
yy ; Ue Se 
‘ ; at 
' i 
7 ' ‘ 7 
i . 8 
: : : nt 
: a! 
= Ane ee ‘, 
je F 
ei i j 
j [ re i ; 
I > ia | 
: id 
’ ¢ ONE 
z , 
- a : a MY 
ae ie bit: 
a pa 
mm) = ¥ , Sj 
ny hh <1 
b > ‘ ¥ 2. 
eas 
i j——. ‘ 
y ihe _ 
a 4 
eee, + edep. " i! 
i i, ( , ; ; 
\ 7. i Hes 
Tk: & iy 
: is ’ f 
: Ry: n 
@ - 3 - 
eo } 
1o eet | -e - 
{ A y 
i 
i i 
Pe 4 iy 
= hh a 
ae 
~ cs. 
t = 
rt 
‘ i : 
7 t. 
: Gly 
é : » 
‘ j : as 
ronal Rea 
A ~ 
ro) é 
~ : XL 
4 
‘ 
ii " 
a 
a 


Av DIQLIWMCE WrOMG CEMIEE Me 


gm, 
ee 


if Wnet eeeen pee epemmanens sper eo Ey-towis 94 


e ord eae | 
= oy: Gan ae 


282 


eonids 


y) Pw. ‘\ es 
payojaban 


<— 


yUdg JaAly 
+— 8p!l|spud] 94g 


(6uiyjaw ou) 
dipos daays 


«hw 


L ABAINS JO |uUl| 4a4Ua> 


eo aiaymasya 


FOU so Ae 


( 2!yDWay)s ) 
saopiy ajyonoay 
OIN|IDJ [DUO!YDJOY 


p WDAAS JOW 
, JajOM MO| 


yO Aig 
o> Aaasn sainsodxa adi : 
jO4ju BAINS © ees (aU ei 
1334 NI 31v9S Ulm sca cs. OULISy Re 
pay 4 Y3Ald 
0Sz 0 poluad yaeM g 41aAO Buiddos 3IZNINDVW 


JGIISGNV1 NOSdWIS LYO4 4209 47°01 >" pessoa 
NW1d HDLINS 


Fig A.3 Fort Simpson Landslide 
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Fig A.12 Old Fort Point Landslide 
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Fig A.19 Mountain River: Site Plan 
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Fig A.22 Hume River Site HU1: Site Plan 
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UPPER: Plate 1 Fort Simpson landslide, an MR flow 
CENTRE: Plate 2 Skin flows near the Wrigley River 
BOTTOM: Plate 3 Big Smith Creek landslide, a bi-modal flow 
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TABLE. B.2 FIELD WATER CONTENTS: SUMMER SURVEY 


Samp le W/c 


Nomen. Sample Location Sample Description 
MC1 31% Cut Line Slide Clayey Silt’ at river 
MC2 31% Cut Line Slide Ey edt abeee 
MC4 30% Fort Norman Slide Pl Silt from piezometer 
MC5 31% Fort Norman Slide Beek foe oars 

from interface. 
MC6 42% Mile 642 In flow below North 
MC7 37% Mile 642 Bevaee 
MC8 39% Hanna Island Flow Undisturbed sample of 
MC9 30% Hanna Island Flow ko i ne 
M1 26% Mountain River From sample taken of 
t d M tain Ri 
26% Mountain River Tabanan a seagy. 
clay. 
25% Mountain River 
25% Mountain River 
Sl 2 60% Fort Simpson Sample of frozen silt 


-clay. No wet 
weight in field. 
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TABLE B.3 


SUMMARY OF GRAIN SIZE DISTRIBUTION FOR ALL 


Hole/Depth 


HU1-2 - 
HU1-3 - 
HU1-3 - 
HU1-3 - 


Ml 
M1 
Ml 
M1 
Ml 
Ml 
M1 
Ml 
Ml 
M1 
Ml 
M1 
Ml 
Ml 


On & Del Ce UbsO ee si © 6-6 IC 


25.0 
1970 
65.0 
150.0 


% Gravel 


BOREHOLES 


41 
14 


% Sand 


Tm Lt: 


aD 
ays 
oth 
48 


h Clay 


45 
48 
43 
52 


65 
52 
64 
235 
52 
27 
10 
10 
25 
14 
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BOREHOLE M1, MOUNTAIN RIVER 


—— ee 


DEPTH INTERVAL STONE IGE Wy W Wp AS NOTED 
(ft.) t 
0.35- 1.35 SILT, sandy Rardom ice to 1/4", ies 
4.0 - 6.5 SILT, sandy Horizontal ice to 1/8" at 58 26 NP 
1/2" spacing, Uh 53 
6.5 - 8.0 CLAY, silty brown CL Ice in 1/4" to 3/8" crystals, Ci 43 23 Yg = las! 
no lenses, vy 
10.0- 11.8 Four samples, Wy Ice in 1/4" to 3/8" crystals, 26 49 26 
no lenses, Wy 31 
33 
100 
12.0- 13.6 CLAY, silty with up to 4" Ice horizontal 1/8" to 1/4" DEPTH a Yb 
sandy silt lenses spaced 1/2" to 3", V. 12 0 26.1 1.90 
2. aes 242.2) R96 
1226-1320 34:36° 1275 
SRO REA E ~ GReGy  IEeyZ 
13h 4 Shoe 2S aie lines 
16.0- 16.6 GRAVEL, well sorted 1/2" vy 20.0 
pebbles Pale i| 
16.6- 32.0 GRAVEL with plastic fines Chips melt 
35.0- 35.9 SAND, traces of silt Vy 23.8 
50.0- 51.0 Clay chips 
51.0- 51.4 SAND medium sand with ve 
silt lenses 
55.0- 56.1 SAND, silty with coal chips 10.1 
57.0- 59.0 SAND, medium with silt 
lenses, coal chips 
81.0- 81.9 SAND, silt lenses : 27 Yau 1.92 
DEPTH W W W Y STRENGTH 
: Hea e6S rene 
119.5-119.5 SAND, silt lenses No visible ice, Nb 119.7 23.6 47 18 
119.7-120.7 CLAY, silty brown CL to CH 119.9 Zleo 40 19 1,99 
125.0-127.0 CLAY, silty brown with lenses No visible ice, Nb 120.4 25.5 52 
of SILT, clay with laminated 125.0 21.0 25 16° «2.01 M1-4 
bedding CL 125.5 19.2 29 17 
126.0 20.0 25 16 1.96 M1-1 
132.6-134.4 SILT, clayey, brown with 126.4 Zor NP 1.95 M1-2 
laminated bedding CL 132.6 2560 NP 1.92 M1-5 
133.4 21.0 25 16 =61.99 M1-3 
135-154 SAND, silty with clay Chips from air return 
1/4" thick to 3/4" dia- 
meter contain sand and 
melt when heated 
155-156 Three inch shelby easy penetration, no sample, wet soil smeared on tube 
BASE OF PERMAFP2NST AT 155 FEET 
158.0-165.0 Drill stem fell 7.0 feet under its own weight with brake partially engaged 
165.0-170.0 SAND, silty pumped from hole. Considerable quantity of water forced to surface by the air return. 
Wy of silty sand measured after 1/Z hour of punping was 29%. 


Fig B.1 Mountain River Ml Borehole Log 


Be ‘i Tee es ae 
r i z j ‘ ' ie a 
a wes 
\ AY a sin ry), ta 
RAVIF WEATHOOM SM SAMIR 
vei cll unl el Uhh SR 0 a 
OTOH 7A gl * i 3 ab iin oe ee ‘ i 0 a - ry 
et 8 ee on es pm = | | at? — ) am 
AL of tat emir | "pbc ra at, 
ay as eS te a a Rael | 5 RR ede oe ee aR cs 
; oe Pi ate “sil meters. 
58.7 7 yy) 8S ea *S palezeyr> “BNE a “HAT int. at, | a ow vifie YA 18 
= “hi ne «?eatet o i 
25 e aS pinta "ANE ee OME phys o - 7 ih ventonse 208 
ff x’ ateenss ‘on - < 
i eat) adh ani ; ' ah “4 ‘ ) ie as neu 
4r Ww i > sae 
a " MIARG “PP of “O\f tetnostyad sof "ot, qu fhe othe Ah. 
m $i ag - cy) SEAT Dende Pathe ybnee 
BEL $cbS é.Shefaet | é i | 
20.F B08 OLRM. ST an 
Seif 8.02 #.8F-0.8r . ; 
24 | 18S Bere er Hy WA mh Fey F 
a ee | rr | Yo EME Rarer Fae , BYARD. ai 
| 148 i Pt : “talddeg | by 
Dhom agi comet ate: a SARE 
act Ly atta Yo aeoes dm 
| | eqtey ytd 
ra 4 iw > 
A | dd iw bewe lane Bk 
rt | agit Teo dite syste ime rh 


Seana [ : 
myanaara av git fa . wes | bi _ 2 » We 
i ee ae ee ee ee reanat ise tine “4 
eet pt OG RS) Cert WO of 1D mend Witte, A-8 bat 
i ee sey, doar dit cast staat on irene a mots fte ay. Ad 
degM 1.8 ~ 5 G45 0.851 7 aie bo Tile to 
! es ae | S.aSt / A lies 
f-Ih Be Das VS 8.88 ¢ 
SIM Bef a tes. d.ast 
eA SMUT wi cs 8, StT 
Bef  8elh at as f 2 ie 
: revasar 
tre won ie 
Bg +a ws 
ie hag i! Gaiety mee 


occa. itn ite ie oe ata sano ve on rehash 


iy 
oh 
de 


Me \ aa aah id TA mea, 
7 whele p< = ‘aor Sy ot ary rel Caen Renee ne 
vapenne Viera magne Hib tiptow swe 294 seat g.2et-o.get 


svat wailed: at ape hae oh ioe ‘whee: sie inition i | 


‘ ‘ tet , * 1>Fele P. I 


311 


BOREHOLE HU1-1, HUME RIVER 


DEPTH INTERVAL S70 Tk RCE Wy We Wp AS NOTED 
(fits) 
0.0- 1.0 Organics Ice in 1/8" to 3/8", 76 
many lenses, Ves plus 
random V. Ona 
2.0- 5.6 CLAY, silty brown CL a 76 
6.0- 8.0 SILT, clayey, brown CL Ice lenses to 1/4", V. 76 
8.2- 10.2 CLAY, silty, brown CL Ice lenses horizontal to 
1/4", Ve 
10.5- 15.0 Chips ice rich 
15,0- 17.0 16.8-17.0 ICE 
Lenses to ov. 
20.0- 21.6 Horizontal V_ at 20.2, 40 
20.4, 21.4, 21.6 plus 
Ne to 1" 
25.0- 26.0 Refusal at 1.0' No visible ice, Nb 
35.0- 36.3 Horizontal ICE at 35.2, 


35.7, and 35.9. Thick 
vertical lenses, es 


40.0- 41.0 Horizontal ICE at 40.7, 40.9, 
vertical ice 3/8" 40.3 to 
40.7 
45.0- 46.3 Random ice to 3/4", ve 
50.0- 51.6 " 28 
60.0- 61.4 Random ice 3/4" to 1" 
Horizontal ice at 60.5, 
61.2 
79.M- 71.0 No recoverv 
75.0- 76.0 1 1/4" sub-vertical ice 
Tense, ICE 
85.0- 85.5 SILT, clayey, brown CL No visible ice, Nb 21.1 
95.0- 97.0 CLAY, silty brown CL Lense sub-vertical along 21.8 
1/2 of tube from 95.7 to 
96.1 
97.0- 99.0 Chips ice rich 
105.0-109.0 Large vertical lense 24.8 
105.4-106.6 


Fig B.2 Hume HU1-1 Borehole Log 
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Fig B.3 Hume HU1-2 Borehole Log 
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Fig B.4 Hume HU1-3 Borehole Log 
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Fig B.5 Water (Ice) content versus depth for Ml 
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Fig B.6 Water (ice) content versus depth for HU1-1 
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Fig B.7 Water (ice) content versus depth for HU1-2 
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Fig B.11 Grain Size Curves: 
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Fig B.13. Grain Size Curves: 
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APPENDIX C 


THE SEDIMENTATION OF SOIL 
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Cer Introduction 


Let us follow Kaye and Broadman (1962) in observing that 
the behaviour of a suspension or dispersion of settling particles can 
be divided into four regions. 


The first is a region of free settling at very low 
concentrations. The hydrodynamics of one particle settling through 
a fluid has been solved in terms of Stokes' Law 
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u. is the Stokes velocity 

628s the unit weight of water 

G. is the specific weight of soil solids 
D is the particle diameter 


4 is the Newtonian viscosity of the fluid 


For a collection of different sized particles up to some small total 
concentration, each particle falls according to Eq C.1 and none 
influences the action of its neighbours. 


With increasing concentration a dispersion enters a region 
of viscous interaction in which particles fall faster than their 
Stokes velocity. Kaye and Broadman review certain derivations by 
Smoluchowski who has shown that when 2 equi-settling particles move 
through a fluid and are separated by only a few diameters the 
terminal velocity of the pair exceeds the Stokes velocity for either 
particle. They also extend this work by showing experimentally that 
4 spheres released close together fall in a cluster at greater than 
the individual Stokes velocity. They also present experimental 
data for medium sand-sized glass beads which increase velocity to 
150% of Stokes between particle volume concentrations of 0.2 to 2%. 


The third region at even higher concentrations is an 
unstable region characterized by irregular and localized return flow 
(Kaye and Broadman, 1962). In this region eddy currents form, 
disappear and reform and turbulent conditions are set up at the top 
of the dispersion such that a clear interface between dispersion 
and water cannot be maintained. A formulae, originally due to 
Einstein, gives the speed of fall of particles,v , as 
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V us, (1 = Ac) C.2 


where A 
c 


a constant = 2.5 for hard spheres 
volume concentration 


Ht} 


and apparently has been obtained for dispersions in both regions 2 
and 3 and possibly entering the last region. 
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The fourth region, at even higher concentrations, is a 
zone of hindered settling. As stated by Kynch (1952), it may be 
assumed that at any point in a dispersion of specified particles, 
in a fluid whose properties are known, that the velocity of fall 
depends only on the local concentration of particles. The settling 
process is then determined entirely from a consideration of 
continuity and without knowledge of the interaction of particles. 
That is, it is assumed that the general relationship 


BD eae ge atts Mie) C3 


< 
tt 


reduces to 
vy = v(c) Cad 


This statement implies no segregation of different sized particles 
during sedimentation in the hindered settling zone. 


Thus a distinction can be made between the mass movements 
characteristic of the hindered settling region and the particulate 
movements of the other three regions. At lower concentrations, 
sediment velocities are dominated by particle size and segregation 
results. Hindered settling, however, implies no segregation and a 
continuum exists in which although its properties may change with 
time they do so governed by considerations of continuity. We shall 
see that the process of hindered settling governs the characteristics 
of a dispersion before it becomes a soil. 


It is useful to first consider a simple example of what is 
meant by hindered settling. As shown on Fig C.1 let us prepare 
and place a dispersion of initial uniform concentration cj in a 
container such that the initial height..of dispersion»is Hp. If cj; 
is in a certain range of concentrations we will observe the following 
behaviour which will be later proven to be true. After some small 
initial time a sharp interface will form at the top of the dispersion 
between clear water and soil grains. This interface will settle with 
a constant velocity, ma. At the base of the cylinder it can be 
observed that the dispersion settles abruptly into a soil of 
concentration, c,, and that this interface propagates upwards with 
a constant velocity, m,. At some time, te the two interfaces 
will intersect and the dispersion, which has maintained itself at 
Ci> will vanish and a soil deposit overlain by water will remain. 
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Initially, the total stress at the base of the container 
equals the pore pressure and the effective stress is zero as there 
is no soil. At any given time the total stress at the base of the 
container 


Vig = oy feet m Yo t+ (Hy =o 


9 t - m, ty %¢ Geo 


E 


where epee or v) are the unit weights of water, dispersion and 
soil respectively. The weight of particles plus water existing 
above the base of the container never changes, i.e., dv /dt = 0, 
and from Eq C.5 it can be shown that 
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The time t¢ that must elapse until all dispersion becomes a sediment 
is 


2 
1+ 
Ba 


If the dispersion is made up of rigid particles the sediment formed 
at c, will remain at this concentration. Furthermore, by the end of 
sedimentation the pore pressures at the base of the sediment will 
equal the hydrostatic pressure at that depth. 


On the other hand, if the sediment formed contains fine- 
grained clayey particles the zero effective stress conditions set up 
at the base of the cylinder will not have been able to completely 
dissipate. There will then be a further post-sedimentation sett lement 
phase as c, is reduced and which is, of course, called consolidation. 
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C.2 Development of the Theory of Sedimentation 


Sedimentation theory as proposed by Kynch (1952) has 
been developed by assuming that all particles are equi-sized. 
However, it seems reasonable to suggest that as the theory is 
valid only above some minimum concentration such that there is 
no segregation then the theoretical requirement for individual 
sized particles can be relaxed. Therefore, unlike Kynch who 
defines the concentration, c, as the number of particles per 
unit volume, c shall be used as the weight of particles per unit 
volume (gm/cm3) or 


Q 
il 


¢. Chea 8, C.9 


where n = porosity or volume voids per unit volume 


and it should be noted that c is equivalent to Sq the 
dry density. 


The concept of particle flux, S, where S is the weight of 
particles crossing a horizontal section per unit of time is 
introduced where 


5 * Vc C.10 


and from Eq C.4 it follows that for hindered settling that 


ep) 
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vic)*c Ce ih 


or 


Sie oe) Crile 


and the particle flux (gm/cm*s) at any level determines,or is 
determined by,the particle concentration. In general it can also 
be observed that the concentration at a point in a dispersion is 
related by the relation 
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Let us first consider the most simple form of sedimentation 
by postulating the existence of a discontinuity separating a dis- 
persion c, falling at a velocity v, over a dispersion cg falling 
at vy and where (c; < cj). In order for the discontinuity to 
exist, it must have a velocity U such that 


cy (v) + U) = Cy (v5 + U) C.14 


or by Eq C. 10 we may write 


U = py a Gol 
1 


which is the assertion that a discontinuity is never at rest but 
moves through a dispersion with a velocity U. It should be noted 


that Kynch has called the discontinuity wave a discontinuity of the 
first kind. 


The most obvious discontinuity is the top interface in 
Fig C.1 where 

(S) = Q, c, = 0% S, = § (co), Co) 
and where 


Cy = ¢ (eect) 


is the concentration of the dispersion immediately beneath the 
interface. If we anticipate later conclusions by letting 
= Cc 
ace 
then from Eq C.13 and Eq C.15,the velocity of the discontinuity wave 
between water and dispersion is 


“S(c (x,t) ) S(c,) 


m= ve.) C.16 
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The second possible location of a discontinuity is at 
the base of the dispersion where we follow Kynch in asserting 
that: 


"A physically reasonable assumption about conditions 
at the base of a dispersion is that there is a 
continuous but extremely rapid increase of 
concentration from c, to the maximum possible 
concentration c, and that subsequently the 
concentration remains at c_." 


Therefore, at the base we have a discontinuity defined 
by 


(Sp =" 5 (co); Ch Sa = 0, c 


where generally 
ch =e (xa 


Let us again assume that 


so that the velocity of the discontinuity wave between soil and 
dispersion is 


and it is evident that velocity m,,Fig C.1l, is given by EquG.r la 


In order to prove the assertions made that the relationship 


(cy = ce(x,t) = C.3.c.= c(x,t) = a) 


b 
it is necessary to return to Kynch's development and consider the 
existence of continuity waves. If we postulate 2 layers at heights 
x and x + dx above the base of a dispersion a consideration of the 
net accumulation of particles between these layers results in the 
equation of continuity as derived by Kynch (1952): 
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On account of Eq C.10 this may be written as 


dc dc 


= ST edce Tes 
se VY (oc) ae 0 c.19 
rinutas 
where V (c) = - ae C.20 


Eq C.20 can also be derived from Eq C.15 if we assume that there is 
a very small change in concentration across a discontinuous layer 
or 


Ba Ae fee 
ds 
U = ade ai = - = eZ 
Cy - Cc de 


However, as we have no knowledge of the relationship Eq C.12 it 
is impossible to generate a solution to the continuity equation 
Eq C.18 subject to the relevant boundary conditions. Thus, it is 
necessary to follow Kynch and consider certain characteristic 
solutions, 


The physical meaning of Eq C.20 and C.21 is as follows. 
A small change in concentration de if maintained is propagated 
through a dispersion of concentration c with velocity V. When 
considered in time and space a line of constant concentration 
describes a boundary between dispersions of c and c + de and the 
slope of the line of constant c is given by Eq C.20. Thus Eq C.20 
yields the velocity of what is called a continuity wave or what 
Kynch named a discontinuity of the second kind. 


In order to consider the role of continuity waves, 
Eq C.20, and discontinuity waves, Eq C.15, we need to consider an 
example problem by assuming some form of Eq C.12. One possible 
form of the equation is that the flux plot is everywhere concave 
to the c axis as in Fig C.2 and this results in a characteristic 
sedimentation mode. Considering Case 1, Fig C.2, it can be seen 
that continuity waves begin to develop at velocities given by 
Eq C.20 in the region of the dispersion and they have all equal 
slopes of + A. At the base of the container the dispersion at 
c j settles discontinuously into a sediment at c, and causes 
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a discontinuity wave to be set up with velocity U,. This dis- 
continuity wave propagating up through the dispersion at a faster 
rate than the velocity of the continuity wave , always overtakes 
and destroys the continuity waves. At the same time continuity 
waves are also travelling up to the top of the dispersion zone. 
These lines of constant c arrive at the interface and in doing so 
set up a discontinuity wave between water and dispersion that 
travels down at a constant rate. This discontinuity wave travels 
at a constant rate because the arriving continuity waves all have 
the same concentration. Thus both the top and bottom discontinuity 
waves trace out constant velocity paths and cause linear sedi- 
mentation modes. 


In Case 2, Fig C.2, continuity waves are propagated 
downwards and the rising discontinuity between sediment and 
dispersion collides with and moves through the continuity waves. 


The ‘alternate form of Eq C.12°is that the flux plot is 
concave up in the region of interest, Fig C.3. For this condition 
a discontinuity wave is not set up at the base of the dispersion 
as it is possible for continuity waves to move up faster (as U < Vp) « 
It can be seen that this behaviour then results in departures from 
linear sedimentation modes although it is to be noted that for the 
time ( O<t<t,) the top interface does settle in a linear manner. 


Before proceeding to a consideration of more general flux 
plots it is first necessary to investigate what Kynch has called 
end effects. Kynch wrongly assumes that as c approaches c) 

v(c) approaches zero. The fact that the settling rate is not 
generally zero for a dispersion approaching c_ can be seen from 

a consideration of fluidization or quicking. In settling,a 
suspension moves through a more or less stationary fluid while in 
fluidization the fluid moves through a more or less stationary 
bed. In each case the immersed weight of the solids is supported 
by the fluid and the velocity with which we are interested is the 
relative velocity between fluid and particle. At the moment of 
quicking there is a certain relative velocity of water through the 
soil mass which is the velocity that will be approached in settling 
as c approaches cp- 


A useful method of both predicting the velocity at Co 
and of presenting experimental data is shown by Richardson and 
Zaki (1954) as a result of experiments on sedimentation and fluid- 
ization. These authors found that the velocity of a dispersion 
could be written as 
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ga ed (n) Crz2 


where r a coefficient generally equal to 4.65 


Eq C.22 has been found for a variety of more or less equi-sized 
particles from 10°! to 5 x 1072 cm in diameter. It can be noted 
that for a given particle size in a given fluid, Eq C.22 agrees 
with the basic assumption of Eq C.10. 


Experimental data can be presented by preparing a plot 
of the log of settling velocity against the log of dispersion 
porosity. This plot should yield a linear relationship and it is 
then possible to estimate the velocity of fall at c, by extrapolation 
and to then compute S, by Eq C.10. 


It can be noted that the velocity of fall can also be 
obtained from the analogy between sedimentation and fluidization. 
If the permeability, k, is known at the concentration c_ at which 
quick conditions are just reached in fluidization then: 


Gib =. 1 
Ss 


Ed Sane le C.23 
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where e = the void ratio 


and should be identically equal to the velocity predicted by Eq C.22 


If we now normalize Eq C.22 in terms of the terminal point 
(S_ c by combining Eqs C.9, C.11 and C.22 we can show that 
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We can now obtain the shape of the most general form of flux plot 
by solving Eq C.25 with the constants as noted in Fig C.4 


This flux plot has been redrawn on Fig C.5 to emphasise 
the salient features which influence sedimentation modes. If a 
tangent is drawn from c_, tangent to the flux curve it defines two 
regions, Case 1, in which linear settling modes in all respects 
similar to Fig C.2 result. A second region, Case 2, is defined 
lying between the tangent point and the point of inflection of the 
curve. The characteristic sedimentation mode for this region results 
in a curved upper interface similar to Fig C.3. However, for Case 2 
the bottom interface is a discontinuity wave defined by the depart- 
ure. from the flux curve at cyt as the dispersion can now settle 
discontinuously into cae The last region is defined by Case 3. 
While the upper surface is curved there is an abrupt change in 
Slope as the first discontinuity wave U,, caused by c. settling 


discontinuously into C.'s arrives at the top surface. 


The observation that the flux or velocity of a dispersion 
is not zero as c approaches c,, is important in predicting the 
duration of dispersion conditions in a sedimentation problem. 
While the velocity of the bottom interface in Fig C.5 could be 
easily calculated it can be seen quantitatively that the 
calculations required (and not presented) for Fig C.3 are more 
complicated as continuity waves govern the growth of the sediment - 
dispersion interface. However, by introducing the concept of 
non-zero flux conditions at the terminal concentration c, we find, 
as in Fig C.5, that the growth of the sediment is always governed 
by a discontinuity wave and therefore moves at a constant velocity. 
Thus, once we know (Ho c_, c,) it is an easy matter to enter the 
flux plot for a given soil and to calculate the time required for 
complete sedimentation from Eq C.7, C.8. 
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We are now in a position to experimentally confirm the 
theoretical consideration advanced above. While it is possible to 
re-create the entire flux plot from one sedimentation test the 
procedures involved are not straightforward and require a high 
degree of precision in monitoring the velocities of the relevant 
discontinuity waves. On the other hand, it is an easy matter to 
measure the velocity of fall of the top water-dispersion interface 
at a given dispersion concentration. By duplicating such tests 
at different concentrations and correlating results on a Richardson- 
Zaki diagram, Eq C.22, the normalized flux plot, Eq C.25, can 
then be obtained. Once the flux plot has been drawn it is then 
possible to predict the sedimentation behaviour for a given initial 
uniform concentration. 


C.3 Experimental Verification of Sedimentation 


Sedimentation tests were conducted by placing a dispersion 
of soil in a settlement tube and monitoring the fall of the top 
interface between water and dispersion. Samples were prepared by 
blender and pouring into the tube. Settlement tubes were either 
standard, 1 litre graduated cylinders, or a 4" diameter tube. 
Concentrations could be varied by syphoning off or addinga known 
amount of water and the tube shaken until a uniform concentration 
was obtained. It was impossible to shake the larger 4" diameter 
tube and re-mixing was attempted by stirring. However, it was 
found that it was impossible to obtain a uniform mix by stirring. 


A summary of the soils considered is presented in Table C.1 


Fig C.6 presents the weight-time relationships for the 
top interface of samples of Devon Sand and Fig C.7 for Grit. In 
Fig C.7 the slight initial departure from linear conditions is 
interpreted as representing the time required to accelerate to the 
characteristic velocity. It was not possible to trace the passage 
of the bottom discontinuity for Devon Sand and one attempt was made 
for the Grit. It can be seen that the sedimentation mode observed 
agrees well with the prediction of Case 1, Fig C.2. 


Settlement time plots for Fort Norman Silt and Devon Silt 
are given in Figs C.8, and C.9. It can be seen that there is a 
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marked linear portion for all porosities and this linear stage 
then grades into a curved region. This curved region may be due 
to the onset of consolidation effects or it may be caused by 

the effects noted in Cases 2 and 3, Fig C.5. However, it is not 
possible to discriminate between these alternatives given the 
accuracy the experimental techniques used. In any event, the 
maximum porosity, n_, is defined by the first departure from non- 
linear settling usilg the extrapolation technique shown on Figs 
C.8 and C,9, 


The velocity-porosity relationships for the dispersions 
noted on Table C.1 are then rectified according to the Richardson - 
Zaki correlation, Figs C.10 and C.11l. It can be seen that there 
is a good linear fit for all seven grain-size types studied which 
ate then be extrapolated to n_ to obtain v,. Once v, is known 

can be calculated by Eq C.10 and normalized flux plots are 
ven obtained as shown in Figs C.12 to C.14. It can be noted that 
tne range of the exponent f Of Eq G.25 is from 4.5.to 29.2. 


In order to obtain a value for n_ to be used in the 
Richardson - Zaki extrapolation it was found necessary to take the 
lowest a, predicted by the sedimentation curves. It can be seen 
that n predicted becomes lower as n, decreases, and this effect is 
likely due to the marked curvature of the sedimentation modes at 
the lower concentrations which is, in turn, obscured by consolidation. 
This makes an estimate of n difficult. 


The shape of the flux plots for Soils 3 to 7, Fig C.14, 
are consistent with the observed sedimentation modes for these 
dispersions as the linear settlement-time plots of Figs C.6 and 
C.7 as well as those shown by Steinour (1944) and Shannon et al 
(1962) are consistent with Case 1, Fig C.5. 


The shape of the normalized flux plots for Devon Silt and 
Fort Norman Silt indicate that the sedimentation mode will vary 
depending on the initial concentration as in Fig C.5. Referring 
to Figs C.8 and C.9 it can be seen that there is a curved portion 
of the sedimentation curve for lower concentrations that agree 
in a general manner with Case 2, Fig C.5 


However, it is difficult to distinguish between the 
possible role of initial concentration in causing deviations from 
non-linear settling or the effect of consolidation in the sediment. 
Both processes would cause the same curved settlement mode. 
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Coa Sedimentation Consolidation 


In the preceding development of hindered settling theory 
we assumed, following Kynch, that it was reasonable to assume 
that at the base of the dispersion that there was a continuous 
but extremely rapid increase of concentration from c, to the 
maximum concentration, Cae However, if the dispersion was made 
up of finer-grained particles it is clear that further settlements, 
or consolidation, will occur as concentrations are reduced below 
Cc, in response to dissipation of excess pore pressures. 


It has been shown that a uniform velocity field is 
maintained through the dispersion during the sedimentation process 
until the consolidation of the sediment starts after particle to 
particle contact begins at c,. We can assume that the surface 
of the sediment or soil at the base of the container to be at 
x = X(t). Assuming small strains in the soil skeleton and the 
maintenance of a constant flux of particles then the propagation 
of the surface x = X(t) will be at a constant velocity, Fig C.15, 


X(t) = m, t C.26 


and for the upper surface 


h(t) = Hy ~- (m, + m5)t C.27 


Thus Eq C.26 describes a region of sediment or soil which up to the 
termination of sedimentation at time, tg, (Eq C.7) can be considered 
to be undergoing a sedimentation-consolidation process and after 
which enters into a region of conventional consolidation, 


In writing an equation for the soil which is consolidating, 
the usual assumptions are made and noting that the total stress 
at any point in the soil remains constant the Terzaghi equation is 
adopted as 
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where u = the excess pore pressure 


The first boundary condition for which Eq C.28 must then be solved 
is at the base where no flow is permitted and so 


At the soil surface the flux of particles governs the growth of the 
height of the soil phase and the pore pressure at the surface 

x = X(t) is given by the weight of dispersion and water above this 
point, that is 


rg 
iH} 


Se. h(t) + (H, - h(t) - X(t) ) 0, C.30 


where Pa total (excess and hydrostatic) pore pressure 


= unit weight of water, fluid 


and at 


ais eh Cty): Jc = AP bbe 5 (H, - X(t) ) C3! 


Thus from Eqs C.30 and C.31 
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and from EqiG, 2) 


u = b - v) (Ht. - (m, + m.) t)s oe = X(t) C33 


Summarizing the consolidation problem we have: 


t>0. : du = Yu F < ‘ 
ee - cy dx? 5) O<xX<X(t) C.34 
t>0;—=0; x=0 C.35 
x 
COs Sale = of b - x) (H - (m, + m,)t); x Sek (t) C.36 
tezOatd Be) mt Oe 


¥. can be calculated from sedimentation 


and where M> Mos Y¢ 
theory 
When the term (H_ - (m, + m,)t) becomes zero the sedimenta- 


tion process terminates and the éxcess pore pressures dissipate 
according to the standard fixed boundary theory with u = 0 at 
x = X¢ where Xp is given by Eq C.8. 


The solution to the above equations for the excess pore 
pressures in a sedimented soil at the completion of sedimentation at 
time t,, has been obtained by Nixon (1972) using a finite difference 
technique, and is presented in Fig C.16. This solution expresses 
the excess pore pressure at any depth in terms of the time factor: 
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The theory of sedimentation-consolidation presented can 
be considered experimentally by modifying a settlement tube so 
that pore pressures can be measured at the base of the dispersion. 
A suitable device with a 4'' diameter column was constructed and 
provision was also made to allow for drainage through the base of 
the cylinder. 


Samples were prepared by mixing the dispersion in a 
commercial blender and storing the dispersion in a large flask. 
Once suitable quantities were prepared the flask was violently 
shaken and the dispersion poured into the tube. The height of the 
interface was monitored and pore pressures measured at the base 
of the dispersion. 


The test data that can be presented in verification of 
the theory is somewhat meagre and the results are not conclusive. 
Other tests were conducted but they were incorrectly prepared. 
For instance, after tests DK2 and KN1 (to be considered) other 
concentrations were made up by adding or removing water and stirring 
the sediment in order to obtain a dispersion. However, this 
technique was later realized to be inadequate as uniform conditions 
could not be obtained and it is suspected that clusters of soil 
may have formed and which were not broken up. 


Fig C.17 outlines the initial sedimentation process for 
a sample of Fort Norman Silt from the Fort Norman Landslide (see 
Appendix A), and the subsequent post-sedimentation consolidation. 
In the log plot the time axis was re-zero at t, = 3.9 hrs 
corresponding to the end of sedimentation. If it is assumed that 
there is a triangular distribution of excess pore pressures at 
t, a value of c_ can be deduced from the settlement - log t plot. 
this cy, can then be introduced into Fig C.16 in order to obtain 
an estimate of the excess pore pressures at time, t,. The 
estimated cy = 2.6 x 1073 cm*/s and as (X, = 18.4 cm, Ce = 1329 hrs) 
from Eq C.38, T- = 0.11. From Fig C.16 che predicted ratio of 
excess pore pressure at the end of sedimentation is 0.65 compared 
with a measured ratio at the base of 0.39, Fig C.17. 


The cy measured during the post - sedimentation phase can 
also be compared with the c,, deduced from subsequent consolidation 
of the sample induced by a head imbalance. A total stress 
increment was applied by opening the drainage valve at the base 
of the container and a known head difference was then maintained 
across the sample. Fig C.18 outlines the subsequent post - 
sedimentation - consolidation behaviour and the value of cy and k 
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calculated agrees well with the values obtained in Fig C.17. 


A second test on Devon Silt, Fig C.19, can also be 
considered although the post-sedimentation consolidation of the 
soil formed was not observed. A measured excess pore pressure 
Fath o or ® .85 was’ noted’ at’ (XxX. = 13.3 cm, tt’. = 0.76 hr),. The c 
during sedimentation can be estimated from a subsequent 
consolidation test on the same sample due to a head imbalance, 
Fig C.20 and is 1.37 x 1072 cm*/s. This Géevalue results jn. a 
Te = 0.21 and a predicted excess pore pressure ratio from Fig C.16 
of 0.58. However, it should be noted that the c,, operative during 
the time up to t, will be likely substantially different from the 
value deduced due to subsequent consolidation. Furthermore, as the 
average yold ratio up to te is higher than for the test in Fig 
C.20 the actual cy will be lower, the T, calculated smaller and 
the subsequent predicted pore pressure ratio higher. 


Vv 


Other sedimentation tests on both Fort Norman Siit and 
Devon Silt were conducted but as they were the subject of certain 
errors in sample preparation, as discussed above, they have not 
been considered. One such test, KN5, Fig C.21, was made on a 
dispersion prepared by stirring only. The top interface underwent 
a more-or-less linear settling mode although the velocity increased 
towards time t¢. The bottom interface could be observed by noting 
the top of a zone in which piping began. This interface was well 
curved initially as coarser sediment was first deposited and then 
became linear as an apparently uniform and finer-grained dispersion 
was laid down. This separation of sizes was also seen in a tonal 
change in the colour of the sediment, beginning at 5 cm. Further- 
more, the excess pore pressure ratios also reflect the bi-modal 
distribution of particles. However, even though it is encouraging 
to see that the experimental techniques used could pick up this 
process it cannot, as yet, be predicted by sedimentation theory. 


The greatest shortcoming of the theory formulated in this 
section is that basic consolidation theory is used and small 
strains only are assumed in the soil skeleton. For the high void 
ratios encountered a non-linear theory that can cope with the large 
strains involved is required. This can be seen in Fig C.22 which 
compares the post-sedimentation consolidation of Fig C.17 with 
theoretical predictions. While the actual progression of settle- 
ment with time agrees well with predicted settlements the pore 
pressure dissipation does not. 
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It can also be noted that the testing technique involved 
here also has application in other aspects of high void ratio 
soils. For example, in Sec 3.3 we were concerned with the 
prediction of permeability of thawed Fort Norman Silt at high void 
ratios. The settlement tube tests of Fig C.17 and C.18 yield a 
prediction for k at high void ratios from consolidation theory. 
Furthermore, it is a simple matter to conduct a direct head 
permeability test, Fig C.18, in the settlement tube and the value 
obtained agrees well with the transient determination. It can be 
seen in Sec 3.3 that the high void ratio k values agree well with 
test data at lower void ratios. 


C.5 Thaw-sedimentation 


If a thaw interface is caused to advance through a 
frozen uniform soil it is apparent that at high enough void ratios 
a dispersion will be formed. Furthermore, it is possible to 
sustain this dispersion until the thaw rate slows down to such a 
point that a sediment can be formed. 


If we re-derive the Kynch continuity equation consistent 
with having the flux S positive in the positive x direction the 
governing equation for the dispersion, Fig C.23 becomes 


$e a of a > ,h(t)<x<X(t) C259 
where A = - che C.40 
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It is now necessary to assume some form for the relation- 
ship S = S(c) and the simplest relation which is consistent with 
real flux plots is, see Fig C.23 


Se 5 +(e + ¢) Gots 
m m 


Let us now inspect conditions along the bottom boundary 
x = X(t) which is a discontinuity separating a dispersion of 
concentration c from a frozen soil that is stationary, S» = 0, 
at some concentration, Ci. Thus 
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If we now cause dX/dt to be governed by the Neumann 
solution then 


or kee C.45 


and if we define the time tp as the first time at which a real 
soil is formed then in Eq C.44 c(X,t) = co and it can be shown that 


9 2 
fo ie ln ay 
Gof oe rae C.46 
m 
and the corresponding depth 
2 Gm. 
hi Gs m i 
Se Ro ca (ial, ae acre C.47 


Eq C.47, therefore, predicts the depth to which thaw will 
maintain a dispersion in a fluid-like state. At depths greater than 
X, effective stresses will begin to be mobilized. Typical values 
oF X¢ are presented in Chapter 3. 
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SEDIMENTATION MODE FOR CONCAVE DOWN FLUX PLOTS 


FLUX PLOT: CONCAVE DOWN = dV,0 = d“S < 0 
dc 2 
dc 
ee 
DISCONTINUITY U= “1 “2 
se) = ike 
CONTINUITY V =- dS 
dc 


SEDIMENTATION MODE : DISPERSION AT UNIFORM INITIAL cy 


H 
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TiS = = 
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m al 
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U V 
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Fig C.2 Sedimentation Mode: Concave Down Flux Plot 
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SEDIMENTATION MODE FOR CONCAVE UP FLUX PLOTS 


FLUX PLOT: CONCAVE UP = dV <0 = a7s > 0 


——_ 


\ dc de? 
i 


DISCONTINUITY U = ey Sy 


fo - ¢C 
CONTINUITY v= -dS 
dc 
-T Cc Cn 
SEDIMENTATION MODE: 
FOR (x = 0, t =0 ) 
1 
| V. = + N 
U < i 
Cc wants 
m 1 


FOR (O0<t <t,) wi, = v¢ ¢,-) 


) mp vec.) 


WHERE c = c( x,t ) 


< 
(t.< c te 


FOR (O<t< t, ) 


Yp =}, toh, 


Fig C.3 Sedimentation mode: concave up flux plot 
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Fig C.4 Normalized flux plot: Richardson-Zaki relationship 
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NFLECTION POINT 
TANGENT POINT 
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Fig C.5 Generalized sedimentation modes for hindered settling 
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DEVON SAND 


Code 3 
TEST H, cm Hc V cm/s 
1 22.0 35n4 C5 
2 22.0 31.5 045 
3 22.0 28.6 026 
4 22.0 26.7 10196 
5 21.5 24.4 -0090 


200 400 
TIME (sec) 


Fig C.6 Hindered settling for Devon Sand 
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GRIT code 7 


TEST a, V cm/s 
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Hindered settling for Grit 
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Fig C.8 Hindered settling for Fort Norman Silt 
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DEVON SILT 


Code 2 


TEST wh ion n V cm/s 
° m 

DS4 200 .84) .77 -00327 
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Fig C.9 Hindered Settling for Devon Silt 
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Fig (C.15 The sedimentation-consolidation problem 
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THE SOLUTION FOR THE FLOW SPECIFIED 
SEEPAGE PROBLEM 


It is required to solve the Laplace equation 
k (7B) = 0 D.l 


for the problem outlined in Fig 4.2 for the following boundary 
conditions. Along the boundary 1 which is centreline symmetrical, it 
can be seen that 


(x=0,y; 2 = 0) Dis 


and along boundary 2 which is an equipotential 
(Cee yO =) D.3 


3 


and along boundary 3, an impervious layer 


Ie 
CJ Os ree) D.4 
A flow F is applied along boundary 4 so that 
3) 
Copia ia aii D.5 


In the region where flow occurs 
vo 8 D.6 


A solution is then sought using a separation of variables technique 
and assuming a solution of the form 


BO (x,y) = xy * By Cy) D./7 


and by applying Eq D.5 we obtain 
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D.7 


so that the solution to the partial differential equation can now 


be expressed in terms of two ordinary differential equations 


2 
ney: aff \ Bx 


= 0) 
d x2 
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d*g 2 
y = 
sie Ny : 
d y* 


the solutions of which are 


O= Ancos, (Nees Basin aay 
g, = © sinh Ayer, Dvcosh= oy 


pdegnich satisfy Eq D.6 

Applying boundary conditions 1 and 3 we find that 
B=C=0 

at boundary 2 we note that, applying Eq D.3 
OG, VWuls. tec cos ALO GDicoshs iy ). = 0 


and the only non-zero term is 


2n - 1 2 
a pee = ky foriall na 
Thus we can write as 
O (x, y) = ) } E, cosh (k, y) cos (k, x) 
n= 1 


Applying Eq D.5 to Eq D.16 
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co ‘ 
or F = > ogi, (<cos (k, x) D.18 
n= 1 


Multiplying both sides by cos kn x and integrating from ( x = 0, 
to x = L) 


L L asd 
f: cos (ka x) dx = - ) X, cos (k,x) cos (kpx) dx 
0 0 n= 1 
D.19 
It can be shown that the LHS of Eq D.19 is equal to 
ts, Eq B19 = © sin (n-1) 2 D.20 
> Ea Ds. aie sin (2n-1) 5 ‘ 


and it can be shown for the RHS, Eq D.19 that only at n = m do we 
get non zero terms so that the RHS becomes equal to 


OX ahi 
RHO. qs Lot Sennen Dozs 
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mai 
28 Se sin (2n - 1).- D.22 
Lkn Zz 


It follows from Eq D.17, D.18 that 
E = Eq Hay for D.23 
k, sinh (kL) 


and substituting Eq D.15, D.22 in Eq D.23 
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[ly ITx 
(echo (ke In - 1) == D.25 
sinh (2n - 1) = 


The solution is then given by Eq D.25 which expresses the excess head 
required to cause flow at any point in the region of Fig 4.2. Along 
the top, flow specified boundary 


co 


sin (Qn-1)2 coth (2n-1)B cos (2n-1)* 
SFL 2 2L Zh 
H(x,B) = a=: ee 


(2n-1)2 


D.26 


The boundary conditions Eq D.2 to D.4 are identically satisfied by 
Eq D.25. For the surface (x,B) . 


I] 
sin (2n-1)= cos (2n-1)Ikk 
ree a > : 21 D.27 
2 UP A peat (2n-1) 


It can be shown that the terms under the summation sign in Eq D.27 
are identically equal tottat (x=0,L) and, therefore, Eq D.5 is 
identically satisfied at (x=0,L). A computer solution summing the 
first 100 terms of Eq D.27 for x/L ratios from 0.1 to 0.9 showed 
that Eq D.5 was satisfied for all points (0<x<L, y = B). As it 
is easily shown that Eq D.25 satisfies the Laplace equation Eq D.1 
and as all boundary conditions are satisfied the solution to the 
problem has been obtained. 


By expressing the head as a normalized ratio, Eq D.25 may 
be written in terms of three dimensionless variables or as 


H (x,B) _ function (=, ss ») D.28 
EL L 
K 


The solution for the head along the top surface (0<x<L, y = B )can be 
presented graphically in terms of these three variables, Fig 4.3. 

The Eq D.28 has been solved by summing the first 100 terms of the 
series expansion. Greater than 99.0% convergence is obtained. 
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A linear relation was noted between the normalized head 
and B/L for values of B/L greater than 107! and up to 10-6. 
Therefore, if a solution is required for B/L ratios smaller than 


those presented in Fig 4.3 the indicated relation may be extrapo- 
lated as required. 
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